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ABSTRACT 
 
Age, Stratigraphy and Depositional Environment of the Pliocene Copper Canyon 
Formation, Death Valley, California 
 
by 
Torrey Nyborg 
Doctor of Philosophy, Graduate Program in Earth Sciences 
Loma Linda University, December 2011 
Dr. Paul H. Buchheim, Chairperson 
 
The Copper Canyon Formation, a fluvial-lacustrine deposit exposed within the 
Black Mountains of Death Valley National Park, has only previously been broadly 
included in regional tectonic and depositional analyses. The formation is significant 
because it preserves numerous shoreline-playa features including highly abundant and 
diverse mammal and bird tracks. The formation represents a basin fill sequence 
consisting of approximately 1800 m of conglomerates, basalt flows, and lacustrine 
deposits. A measured type section along with x-ray diffraction, isotopic analysis, and thin 
section petrography shows an evolution of the ancient Copper Canyon lake from an 
hypersaline evaporative lake to a perennial saline lake fed by springs. The Copper 
Canyon Formation is divided into three new members; the Greenwater Conglomerate, 
Coffin Canyon, and Barnyard and three new basalt flows; Coffin Peak, Gyp Hill, and 
Carnivore Ridge based upon stratigraphic and lithologic characteristics. In addition, the 
Copper Canyon Formation is divided into nine lithologies and five lithofacies. The 
formation is further divided into the depositional environments: alluvial fan, sandflat, 
mudflat, ephermeral saline lake, and perennial fresh to saline lake. Tufa mounds 
reflecting active spring deposition are numerous within the upper two-thirds of the 
xv 
formation. Stable isotope data (δ18O ranges from -10.15 to -10.96‰ PDB) from the tufa 
mounds indicate the lake was fed by relatively fresh groundwater. Lateral measurements 
of beds from lake margin to center demonstrates that the tufa mounds formed around the 
margin of the ancient Copper Canyon lake. Vertebrate track diversity and abundance is 
tied to the appearance and distribution of the tufa mounds. The spring water allowed a 
more abundant and diverse fauna/flora population to thrive. Radiometric age dating of 
three basalt flows within the CCF and magnetostratigraphic analysis of interbedded 
sedimentary rocks constrain deposition between 5 and 3 Ma. Further stratigraphic works 
limits the upper Copper Canyon Formation lacustrine deposition in Copper Canyon to 
between 4.73 and about 3.2 Ma, which is significant because it constrains the timing of 
the most prevalent animal activity. Age, measurement of a type section, sedimentary 
petrology along with review of shoreline features and fauna/flora, establishes timing and 
interpretation of the depositional environment of the ancient Copper Canyon Lake. In 
addition, a better understanding of the distribution of the animal tracks within the 
formation is understood. Temporal placement of the Copper Canyon Formation within 
the other Cenozoic basin fill deposits of Death Valley is also now possible. 
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CHAPTER ONE 
INTRODUCTION 
 
 Outcrops of the Copper Canyon Formation are exposed within an approximately 
13 km2 drainage basin within Copper and Coffin canyons on the west side of the Black 
Mountains in southern Death Valley National Park, California between longitude 116° 
46’ 30” and 116° 42’ 30” and latitude 36° 7’ 00” and 36° 10’ 30”. Research in this area 
has been very limited in the past (Curry 1939, 1941; Drewes, 1963; Scrivner and Bottjer, 
1986; Nyborg, 1998; Nyborg and Santucci, 1999, 2000) due to the remoteness and 
closure to the general public by the National Park Service. This research represents the 
first in-depth description of the rock units in the Copper and Coffin canyons.  
 The formation represents approximately 1800 m of conglomerate, basalt flows, 
and fluvial-lacustrine deposits. Radiometric age determination of interbedded basalt 
flows, paleomagnetic analysis, and a radiometric age on a tuff bed stratigraphically above 
the Copper Canyon Formation, constrain the age between 5.20 Ma for the base of the 
formation and 3.15 Ma for the top of the formation. 
 The Copper Canyon Formation is divided into three new members; the 
Greenwater Conglomerate, Coffin Canyon, and Barnyard and three new basalt flows; 
Coffin Peak, Gyp Hill, and Carnivore Ridge based upon stratigraphic and lithologic 
characteristics. In addition, the Copper Canyon Formation consists of nine lithologies: 
conglomerate, sandstone, mudstone, gypsum, basalt/tuff, calcareous-dolomitic silty 
mudstone, packstone limestone, tuffaceous limestone, and stromatolitic limestone; and 
2 
five lithofacies: mudstone-evaporite, limestone, conglomerate-sandstone, sandstone-
siltstone, and carbonate-rich silty mudstone; based upon their vertical sequential changes 
and lithologic characteristics. Within these deposits are sedimentary features that define 
mappable depositional environments following the divisions introduced by Hardie et al. 
(1978) for modern saline-lake basins. The Copper Canyon Formation deposits consist of 
five depositional environments which are: alluvial fan, sandflat, mudflat, ephermeral-
saline lake (saline mudflat and salt pan), and perennial fresh to saline lake. 
 The objectives of this research are to:  
1) Determine the depositional environments represented by the Copper Canyon 
Formation and how it changes from lower to upper units;  
2) Explain the restricted stratigraphic occurrence of vertebrate tracks within the Barnyard 
Member;  
3) Document the abundant freshwater carbonate (limestone) beds with a possible 
relationship to spring activity;  
4) Determine the age of the Copper Canyon Formation and how it correlates to other 
Cenozoic fluvial-lacustrine deposits of Death Valley.   
   
Approach of Studies 
 To achieve the objectives of this research, this study has been divided into three 
papers (chapters 2-4). Chapter 2, stratigraphy, age, and formal designation of the Pliocene 
Copper Canyon Formation, Death Valley National Park, California, formally designates 
the rock units contained in Coffin and Copper canyons as the Copper Canyon Formation. 
The first in depth geologic map dividing the formation into members and flows is 
3 
presented and a detailed measured section through the Coffin and Copper canyons is 
defined as the type section. The formation is subdivided into three members and three 
basalt flows. Radiometric age determination on the basalt flows, paleomagnetic analysis, 
and a radiometric age on a tuff bed stratigraphically above the Copper Canyon 
Formation, constrain the age between 5.20 Ma for the base of the formation and 3.15 Ma 
for the top of the formation. Previously, the age of the formation has only been broadly 
established.  
Chapter 3, sedimentology and depositional environments of the Copper Canyon 
Formation basin fill deposits, Death Valley, California, divides the formation into 
lithologies, lithofacies, lithofacies associations, and depositional environments. The 
Copper Canyon Formation depositional history can then be roughly divided into 3 parts: 
1) initial basin formation and alluvial fan deposits into the basin as a low relief 
ephermeral-saline lake developed; 2) first lacustrine stage consisting of a hypersaline 
evaporative lake and water chemistry that favored gypsum deposition; and 3) a later 
lacustrine stage dominated by a perennial lake fed by springs and mudflat deposits.   
Chapter 4, spring deposits and vertebrate track distribution in the Copper Canyon 
Formation, Death Valley, California, correlates the limestone beds and associated tufa 
mounds to freshwater input into the lake. This finding is significant because it explains 
the distribution of animal activity being coincidental with the appearance and distribution 
of the limestone-spring deposits, suggesting a cause and effect. 
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Significance of Studies 
The Copper Canyon Formation is significant because: 
1) The formation preserves one of the world’s most abundant and diverse fossil mammal 
and bird track records.  Previous work on the formation has not given a reliable age 
for the animal activity nor noted the distribution of these tracks and trackways. 
2) The Copper Canyon Formation was deposited during an important tectonic episode 
that formed the present Death Valley and Black Mountains. The timing and 
sedimentology of these rock units is important to the understanding of the tectonic 
development. 
3) The Copper Canyon Formation is one of several Cenozoic basin fill deposits in the 
Death Valley region. Correlation has not been previously possible; however, it is 
important to include this formation in interpreting the Cenozoic history of Death 
Valley since it contains abundant and diverse vertebrate tracks, which are very scarce 
within the other Death Valley Cenozoic deposits. 
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CHAPTER TWO 
 
STRATIGRAPHY, AGE, AND FORMAL DESIGNATION OF THE 
PLIOCENE COPPER CANYON FORMATION, DEATH VALLEY 
NATIONAL PARK, CALIFORNIA 
 
Abstract 
About 1800 m of basin fill deposits consisting of conglomerates, sandstones, mudstones, 
carbonates, tuffs, and basalts exposed within Copper and Coffin Canyons along the 
northwestern side of the Black Mountains, Death Valley National Park, California are 
described and formally designated as the Copper Canyon Formation. The formation is 
divided into three new members; the Greenwater Conglomerate, Coffin Canyon, and 
Barnyard and three new basalt flows; Coffin Peak, Gyp Hill, and Carnivore Ridge based 
upon stratigraphic and lithologic characteristics. Previously, the age of these units has 
only been broadly established. This paper dates the formation based on three 40Ar/39Ar 
radiometric dates from interbedded basalt beds and magnetostratigraphy of the upper 
two-thirds of the sedimentary basin fill deposits. These data give dates of 5.20 Ma for the 
base of the formation and 3.15 Ma for the top of the formation. Across that time interval 
6 normal and 5 reversed magnetozones are identified (chron 3n.4n to 2An.2n). Previous 
dates and age estimates of the formation are reviewed and two previously published 
radiometric dates are considered incorrect. The formation is placed in stratigraphic 
context with the other Cenozoic lacustrine basin fill deposits of Death Valley and is 
roughly coeval with portions of the Funeral and Furnace Creek formations but is younger 
than the Artist Drive Formation.  
7 
Introduction 
 This paper presents the required information to formally designate the Copper 
Canyon Formation and subunits and assign its age. The Copper Canyon Formation is a 
lithologically diverse Cenozoic basin fill sequence located in Copper and Coffin Canyons 
in the southeastern part of Death Valley National Park. Even though this deposit has been 
named in regional maps and reports as the Copper Canyon Formation, it has never been 
formally named nor its relation to other Cenozoic basin fill deposits in the region 
examined (Curry 1939, 1941, 1954; Drewes, 1963; Scrivner and Bottjer, 1986). 
 Formal lithostratigraphic designation and accurate chronostratigraphic and 
magnetostratigraphic assignment of the Copper Canyon Formation is significant because: 
1) The formation preserves one of the world’s most abundant and diverse fossil mammal 
and bird track records.  Previous work has not given a reliable age for the animal activity 
nor noted the distribution of these tracks and trackways; 2) Dating the deposits of the 
Copper Canyon Formation helps constrain tectonism that formed the present Death 
Valley and Black Mountains; 3) the Copper Canyon Formation is one of several 
Cenozoic basin fill deposits in the Death Valley region. Correlation has not been possible 
previously; however it is important to include this formation in interpretations of the 
Cenozoic history of Death Valley since the Copper Canyon Formation contains abundant 
and diverse vertebrate tracks that are very scarce within the other Death Valley Cenozoic 
deposits. 
 The objectives of this study are to: 1) define the Copper Canyon Formation 
stratigraphically, subdividing the rock deposits into mappable units and 2) establish the 
8 
chronostratigraphic context of the formation using 40Ar/39Ar dates and 
magnetostratigraphic zones. 
 
Previous Work 
 Curry (1954) first used the term Copper Canyon Formation for conglomerate and 
lacustrine beds in Copper Canyon. He noted animal track localities, but gave no 
explanation for their distribution. Curry did not map, measure sections, nor subdivide the 
rock units. Drewes (1963) identified and mapped conglomerate and siltstone/evaporite 
units and broadly discussed their deposition. Curry (1954) and Drewes (1963) both 
referred to beds within Coffin and Copper canyons as the Copper Canyon Formation; 
however, neither published a type section nor gave detailed stratigraphic descriptions for 
these units. Scrivner and Bottjer (1986) focused mainly on the environmental conditions 
that were conducive to track preservation. They used Drewes’ (1963) division of the 
deposits into conglomerate and siltstone/evaporite members, however they did not map or 
measure a type section and their paper was limited to only the units exposed in Copper 
Canyon.  
 Wright et al. (1999) reported on the stratigraphy of Cenozoic basin fill deposits of 
Death Valley but did not discuss the rock units in Coffin and Copper canyons. No other 
papers have been published on the Coffin and Copper canyons deposits since 1986. 
 The Copper Canyon Formation was first assigned a middle Pliocene age based on 
horse track morphology (Curry, 1941). This age determination was probably derived by 
fitting the tracks to the series of Hemphilian equid skeletal hoof structures known at the 
time. The first radiometric age obtained for the formation was a K-Ar whole rock age of 
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4.9 Ma from volcanic rocks reported by Otton (1977) as a personal communication from 
Hildreth in 1976. Holm et al. (1994) reported an 40Ar/39Ar age of 4.9 ± 0.1 Ma from the 
basalt flow just below the lower unit of the lacustrine deposits of the formation. Scrivner 
and Bottjer (1986) presented two radiometric dates from the formation: a K-Ar age of 7.5 
± 0.5 Ma from a basalt flow in the lower lacustrine deposits; and a K-Ar age of 9.4 ± 0.7 
Ma from zircons isolated from a vitric tuff within the upper lacustrine succession.  
 Paleomagnetic methods have been used in Death Valley to constrain the time of 
Cenozoic deformation.  Holm et al. (1993) analyzed intrusive dikes in the Black 
Mountains immediately to the east of Copper Canyon and reported major tilting between 
11.6 and 8.7 Ma and later rotation of 50° to 80°. In contrast, paleomagnetic directions in 
Pleistocene deposits in the Panamint Range to the west of Copper Canyon do not show 
significant rotation about a vertical axis (Duncan and Keller, 2004). 
 Tracks and trackways of mammals and birds are found primarily within the upper 
two-thirds of the formation. A few tracks have been found in the lower section of the 
formation, but are limited to uncommon exposures of the calcareous-dolomitic silty 
mudstone beds. Twenty-six ichnospecies of cat, camel, horse, mastodon, and bird tracks 
have been identified from over 60 localities (Curry, 1939, 1941; Scrivner and Bottjer, 
1986; Nyborg, 1998; Nyborg and Santucci, 1999, 2000).  
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Approach and Results 
Type Section and Mapping 
Approach 
 Copper Canyon has been closed by the National Park Service to public access due 
to the scientific importance of the diverse assemblage of fossil mammal and bird tracks. 
In addition, the area is contained within a wilderness area. Field research required 
multiple visits from 2004 to 2010 to measure type and reference sections, map, and 
collect samples for mineralogic and textural analysis, 40Ar/39Ar dating, and 
paleomagnetics. A 1:24,000 geologic map of the Copper Canyon Formation was 
produced from aerial photographs and in-field observations/measurements (Figure 1). A 
detailed stratigraphic section was drafted from direct measurement in the field for the 
approximately 1800 m represented by the Copper Canyon Formation using aerial 
photographs, Brunton compass, and Jacob’s staff with level (Appendix 1). Sequential 
vertical changes and lithologic characteristics were noted.   
 
Results 
 Outcrops of the Copper Canyon Formation are exposed within an approximately 
13 km2 drainage basin within Copper and Coffin canyons on the west side of the Black 
Mountains in southern Death Valley National Park, California between longitude 116° 
46’ 30” and 116° 42’ 30” and latitude 36° 7’ 00” and 36° 10’ 30”  (Figure 1). Figure 1 
shows the location of the study area and the geologic map with the extent of the Copper 
Canyon Formation and its surface contacts with surrounding units. Figure 2 shows an 
11 
aerial photograph and a diagrammatic cross section of the Copper Canyon Formation and 
its members. 
 Nearly 1800 m of section was measured in detail through the center of the basin. 
Blue lines on figure 1 represent the locations of the detailed measured sections taken at 
the best exposed and accessible outcrops near the center of the basin. Sections were 
joined into the composite type section by walking out beds. These detailed data are in 
Appendix 1 and are generalized in a stratigraphic column in Figure 3. The section is a 
composite since outcrops are not continuous. The stratigraphically lowest 600 m of basin 
fill within Coffin Canyon is poorly exposed and difficult to access and therefore is not 
continuous. The upper 1200 m of basin fill in Copper Canyon is continuous. 
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Figure 1. Geologic map of the Copper Canyon Formation deposits and associated geology. Letters A-E indicate locations of the three 
basalt flows, the two tuff beds that were sampled, and location of tuff bed reported by Holm et al. (1994). (A), Lower basalt flow 5.20 
± 0.07 Ma this report; probable location of Hildreth, 1976 lower basalt unit age of 4.9 Ma. (B), Middle basalt flow 4.73 ± 0.05 Ma this 
report; same basalt unit Holm et al., 1994 reported a 4.9 ± 0.01 Ma date. (C), Upper basalt flow 4.33 ± 0.07 Ma this report; same 
basalt unit Scrivner, 1986 reported a 7.5 ± 0.5 Ma age. (D), Location of tuff bed sample that did not give reliable results. (E), Tuff Bed 
that Holm, et al., 1994 reported 3.1 ± 0.2 Ma age and was later assigned to the Mesquite Springs tuffs (Knott et al., 2005).  
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Figure 2. (A), Aerial photograph of the Copper Canyon Formation with labels showing 
division of formation into members and flows; aerial photo taken by author. (B), Vertical 
and lateral relationships (idealized cross section) of the Copper Canyon Formation 
members and flows. Member names are discussed in detail below.  
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 Nine lithologies were identified within the Copper Canyon Formation that 
include: conglomerate, sandstone, mudstone, gypsum, basalt/tuff, calcareous-dolomitic 
silty mudstone, skeletal packstone, tuffaceous limestone, and stromatolitic limestone; and 
five lithofacies: mudstone-evaporite, limestone, conglomerate-sandstone, sandstone-
siltstone, and carbonate-rich silty mudstone; based upon their vertical sequential changes 
and lithologic characteristics. Most of the lithologies and lithofacies laterally interbed 
with one another. Lithologies and lithofacies are summarized in Table 1 and Table 2 
respectively. Detailed descriptions are given in Chapter 3.  
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Table 2. Copper Canyon Formation lithofacies. 
FEATURE LITHOFACIES  
 Mudstone-
Evaporite 
Limestone Conglomerate-
Sandstone 
Sandstone-
Siltstone 
Carbonate-rich 
Silty Mudstone 
Thickness  Variable; 1 cm to 
several meters 
Variable; 1 
cm to 
several 
meters 
10 cm to 
several meters 
Variable; 1 cm 
to several 
meters 
Variable; 1 cm to 
several meters 
Sedimentary 
Structures 
 
Gypsum occurs 
as massive beds 
or interbedded 
with mudstones; 
mudstones are 
often ripple 
cross-bedded to 
planar laminated. 
Scour and fill 
common 
Tufa 
mounds and 
stromatolites 
Massive to 
fining upwards; 
sandstone 
planar bedded 
to ripple cross-
bedded; scour 
and fill 
common 
Massive to 
fining upwards; 
planar bedded 
to ripple cross-
bedded; scour 
and fill common 
Ripples, raindrop 
impressions, 
mudcracks, 
animal tracks; 
soft sediment 
deformation 
structures 
Stratigraphic 
Distribution  
Gypsum beds 
occur mainly 
within the lower 
sections; 
mudstone occurs 
throughout 
Limestone 
beds are 
limited to 
the Barnyard 
Member 
Conglomerates 
underlie, 
interfinger, and 
partially overlie 
the other 
lithofacies; 
sandstone occur 
throughout 
Sandstone and 
siltstone occur 
throughout 
Limited to a few 
outcrops in 
Coffin Canyon 
Member; prolific 
in Barnyard 
Member; often 
found within a 
sedimentary 
cycle of 
limestone 
Paleontology 
 
No fossils Gastropods, 
bivalves, 
ostracods, 
charophytes, 
and 
stromatolites 
No fossils No fossils Animal tracks 
and other trace 
fossils 
Mineralogy 
 
Evaporites are 
100% gypsum. 
Mudstone 
consists of 
feldspar, quartz, 
mica, and clay 
cemented with 
sparry calcite 
Calcite and 
quartz; 
much of the 
limestone 
beds have 
been 
silicified; 
abundant 
coated 
grains and 
intraclasts 
Conglomerate 
is either felsite 
or quartzite-
limestone rich; 
sandstone 40-
90% feldspars 
and quartz with 
minor micas, 
clays, and rock 
fragments 
Quartz/feldspars 
40-90% with 
minor micas, 
clays, and rock 
fragments 
Quartz/feldspars 
20-30%; clays 5-
10%; calcite and 
dolomite 
percentages 
similar from 20-
70% of rock 
mineralogy 
Lithologies Mudstone, 
Gypsum 
Packstone, 
Tufa, and 
Stromatolite 
Limestone 
Conglomerate, 
Sandstone 
Sandstone Calcareous 
Dolomitic Silty 
Mudstone 
Depositional 
Environments 
Ephermeral 
Saline Lake 
Perennial 
Saline to 
Fresh Lake 
Alluvial Fan  Sandflat Mudflat  
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Figure 3. Simplified lithostratigraphy of the Copper Canyon Formation deposits. (A), 
Thickness in meters. (B), Simplified lithologic column. (C), 40Ar/39Ar date locations. 
Conglomerates are prominent along basin margins (see figure 2). 
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40Ar/39Ar Analyses 
Approach 
 The Oregon State University College of Oceanic and Atmospheric Sciences 
(COAS) Noble Gas Spectrometry Lab dated basalt and tuff samples by measuring 
40Ar/39Ar ratios of gas released during incremental heating of prepared whole rock 
samples of basalt or biotite separates of the tuff samples. Discs (100 mg size) were cut 
from mini-cores of basalts. Biotite was separated from the tuff samples by magnetic and 
manual methods. These prepared samples were irradiated at the Oregon State University 
TRIGA research reactor and isotope measurements made with a MAP 215/50 mass 
spectrometer. Sample heating steps were in 100ºC increments from 500 to 1200C 
followed by one step at 1400C. Sample analysis was by ArArCALC v2.2 software 
(Koppers, 2002). Details of the analytical procedure are available at the laboratory’s 
website (http://www.coas.oregonstate.edu/research/mgg/chronology.html) also see 
Duncan and Keller, 2004). Isochron data were fitted using the YORK2 weighted least 
squares regression with correlated errors (York, 1969). 
 
Results 
 Data from each of the three basalt samples plot as good plateaus based on 8 to 10 
of the 10 heating steps (Figure 4; Table 3). Isochron and age plateaus are concordant. The 
Coffin Peak Basalt Flow produced a weighted plateau age of 5.20 ± 0.07 Ma (MSWD = 
0.34, p = 0.94, 8 steps), and an inverse isochron age of 5.20 ± 0.08 Ma. Approximately 
70 m stratigraphically above the Coffin Peak Basalt Flow is the Coffin Canyon Basalt 
Flow that also gave an excellent profile and a weighted plateau age of 4.73 ± 0.05 Ma 
 20 
(MSWD = 0.47, p = 0.88, 9 steps) and an inverse isochron age of 4.71 ± 0.06. A little 
more than 500 m up section the Gyp Hill Basalt Flow forms an extensive outcrop that is 
widely visible (Figure 2). This basalt also gives an excellent plateau and a weighted 
plateau age of 4.33 ± 0.07 Ma (MSWD = 0.58, p = 0.82, 10 steps) and an inverse 
isochron age of 4.31 ± 0.08 Ma. 
 40Ar/39Ar analysis of mica separates from two tuff beds located at 1645 m in the 
section did not produce a reliable plateau or isochron. Both dating attempts yielded an 
unstable series of age steps with no statistical validity (p < 0.00001), and are therefore 
rejected as meaningless data for dating. 
 
Table 3. Summary of 40Ar/39Ar data for the dated basalts. 
Sample Material Mass 
(mg) 
Weighted Plateau Age Normal 
Isochron Age 
Total Fusion 
Age 
40Ar/36Ari  
 
   Age 
(Ma ± 2σ) 
steps MSWD
§ 
p† (Ma ± 2σ) (Ma ± 2σ) 40Ar/36Ari  
(± 2σ) 
Carnivore 
Ridge 
 
groundmass 114 4.33 ± 0.07 10/10 0.58 0.82 4.31 ± 0.08 4.37 ± 0.11 297.2 ± 3.7 
Gyp  
Hill 
 
whole rock 197 4.73 ± 0.05   9/11 0.47 0.88 4.71 ± 0.06 4.95 ± 0.13 297.4 ± 2.7 
Coffin 
Peak 
groundmass 109 5.20 ± 0.07   8/9 0.34 0.94 5.20 ± 0.08 5.05 ± 0.11 295.6± 2.9 
Notes: 
§ MSWD – Mean square weighted deviate of steps used 
† p – significance level 
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Figure 4. 40Ar/39Ar age spectrum plateaus and inverse isochron diagrams for the three 
basalt flows within the lower Copper Canyon Formation (refer to figure 1-3 for localities 
of basalt flows and table 3 for comparison of radiometric dates reported from the 
formation) as a function of cumulative percentage of 39Ar released. Vertical dimension of 
horizontal boxes indicates estimated analytical error for each step. (A), Carnivore Ridge 
Basalt; (B), Gyp Hill Basalt; and (C), Coffin Peak Basalt. 
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Paleomagnetic Analyses 
Approach 
 Because of restrictions by Death Valley National Park, the remote location, and 
lack of water, drilling of cores for paleomagnetic analysis was not possible at the outcrop. 
Precisely oriented hand samples were collected from a variety of sedimentary beds at 
about five meter intervals from the measured section within Copper Canyon. Most 
samples were from exposures of variable lithologies including limestone and calcareous-
dolomitic silty mudstone. A small number of samples were from sandstone. The three 
basalt beds interbedded with sedimentary rocks were also sampled. In the lab, two to five, 
2.5cm diameter cores were drilled from these hand samples with a water-cooled diamond 
coring bit and drill press. Drilled slabs were then reoriented to their in-situ attitude and 
individual cores oriented and marked. Specimens up to 2.5cm long were then cut from 
each core. 
 Paleomagnetic measurements were made at Occidental College’s Paleomagnetic 
Analysis Laboratory in a magnetically shielded room with a 2G Enterprises Model 760R 
three-axis superconducting magnetometer with automated sample handling and integrated 
alternating field (AF) demagnetization and magnetic susceptibility coils and controls. 
Thermal demagnetization was in a Schonstedt furnace. Magnetic susceptibilities were 
also measured with a Bartington MS2 system. Stepwise demagnetization data were 
reviewed using orthogonal demagnetization plots for each specimen displayed by 
PaleoMag 3.1.0 d36 version software 
http://cires.colorado.edu/people/jones.craig/PMag3.html (Jones, 2002). Least-squared 
fitted lines to visually selected points were recorded.  
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 Basalts were demagnetized by initial AF steps up to 100g that typically removed 
about 50% of the NRM. This was followed by thermal demagnetization steps from 100 to 
600C.  
 Sedimentary rocks were also initially demagnetized using AF steps up to 100g 
followed by thermal steps from 100 to 600C. Some samples became unstable above 
about 400, but most produced linear decay to higher temperatures. High temperature 
components were selected and least-square lines fitted. Many of the fine-grained 
sedimentary rocks decomposed at high temperatures, therefore analyses stopped before 
reaching maximum unblocking temperatures for those samples. 
 
Results 
 Samples can be divided into four characteristic groups based on orthogonal plots 
of stepwise demagnetization (Figure 5). Three of the groups provide useable results. The 
fourth group contains samples with weak or erratic demagnetization profiles that were 
excluded from further analysis. Because of the extra steps required to reconstruct sample 
orientation in the lab from oriented hand samples, declination and inclination errors are 
estimated as ±10 for individual specimens. 
 Group one includes all the basalt samples. These gave similar quality results with 
a modern or mixed modern and ancient component that was removed by AF 
demagnetization and/or heating steps up to 200C and a characteristic high temperature 
component from 200° to 575C (Figure 5A). Least square fitted lines using temperature 
steps from 250° to 575°C gave maximum angular deviation (MAD) values in the range of 
1.3° to 4.3° for those steps. Group two samples are sedimentary rocks that show fairly 
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linear decay over the entire demagnetization range (Figure 5B). Group three samples are 
sedimentary rocks with multiple components (Figure 5C). Typically, a lower coercivity 
component was removed by AF and/or thermal demagnetization up to 250°C. This was 
followed by an erratic and weak component. MAD values for the high temperature 
components range from 1.4° to 10.9°.  
 Results from individual samples were plotted against stratigraphic thickness 
(Figure 3). From this plot it is possible to divide the directions stratigraphically into 
normal and reversed polarity intervals. Statistics from each polarity interval are 
summarized in Table 4. Tilt-correct directions from all fitted lines of Groups 1, 2, and 3 
samples are plotted on an equal area net (Figure 6) and show scatter around a normal and 
reversed mean. These tilt-corrected data pass a common distribution reversal test and are 
categorized as type C quality (McFadden and McElhinny, 1990) with a 5.6° difference 
between means. The same samples fail both the common distribution and bootstrap 
reversal tests for their uncorrected, geographic coordinate directions.  
 
Table 4. Means for each chron represented in the Copper Canyon Formation. 
Chron Mean Dec 
(degrees) 
Mean Inc 
(degrees) 
α95 k R  N          
2An.2n 51.3 50.4 11.5 16.7 9.5 10 
2Ar.2r 180.3 -45.0 15.7 5.8 15.1 18 
2An.3n 9.7 47.4 38.2 4.6 3.5 4 
2An.3r 212.2 -43.8 6.8 8.2 52.8 60 
3n.1n 40.4 33.9 7.9 38.6 8.8 9 
3n.1r 234.0 -23.1 15.0 7.4 12.4 14 
3n.2r 219.1 -42.2 16.3 9.8 8.3 9 
3n.4n 350.2 49.2 19.2 8.1 7.2 8 
Notes: 
α95 – radius 95% confidence cone around mean direction 
k – precision parameter 
R – Watson randomness number 
N – number of samples  
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Figure 5. Structural tilt corrected, orthogonal demagnetization plots (Zijderveld, 1967; 
Roy and Park, 1974) and graphs of measured intensity versus demagnetization step for 
three representative samples. Solid (open) squares represent projection of that 
demagnetization step on a horizontal (vertical) plane. The first five demagnetization steps 
are measurements after alternating field (AF) demagnetization and the remainder are after 
thermal demagnetization. Magnitude of NRM intensity is shown on the left-hand plot and 
the decrease in intensity relative to NRM during demagnetization is graphed on the right.  
(A), representative (UB12CB) of group 1 samples showing removal of a modern low 
coercivity component and a reversed high coercivity component. (B), Representative 
(CES14-1) of group 2 samples showing removal of a normal component. (C), 
Representative (B127B) of group 3 samples showing removal of a modern low coercivity 
component and a higher coercivity reversed component. 
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Figure 6. Hemispherical plot of sample directions. Closed symbols are positive and open 
symbols are negative inclinations with their respective solid and dashed 95% confidence 
oval around the mean. Star is the modern direction. 
 
 
 Magnetic susceptibility measurements of the samples prepared for paleomagnetic 
analysis were divided into six groups (Table 5). The three basalt units can be 
distinguished by their high mass susceptibility levels. Sandstones from the base and 
margins have the highest susceptibility levels of all the sedimentary rocks that were 
sampled. Fine-grained sedimentary rocks are quite uniform and show little or no 
stratigraphic trends except for a zone between 1457 and 1478m that has significantly 
higher susceptibility levels. Frequency dependence was calculated from the difference 
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between low and high frequency susceptibility show values less than 5%. Descriptive 
statistics of mass susceptibility are in Table 5.  
 
Table 5. Magnetic susceptibility groups. 
Group Name Lithology χmass 
 
  Mean 
(x10-6 SI) 
sd n Minimum 
(x10-6 SI) 
Maximum 
(x10-6 SI) 
Coffin Peak Basalt Basalt 533 233 9 333 854 
Gyp Hill Basalt Basalt  1660 197 9 1173 2250 
Carnivore Ridge 
Basalt 
Basalt 509 54 11 413 609 
Lower Sandstones Sandstone with   
hematite cement 
98.4 49.2 8 55 176 
Lacustrine deposits Variety of laminated 
and massive mudstone, 
and carbonates 
8.5 6.7 108 0.5 24 
High MS group at 
1457-1478 m 
Variety of laminated 
and massive mudstone, 
and carbonate 
cemented siltstone 
51.5 9.0 7 41 66 
Notes: 
χmass – mass susceptibility 
sd – standard deviation 
n – number of samples 
 
 
 
Discussion 
 
Chronostratigraphy - 40Ar/39Ar Dates 
 Radiometric dates from the three basalts reported in this paper give good results 
(Figure 4, 7; Table 3). They provide a consistent set of data that delimit the start of 
deposition of sediments of the Copper Canyon Formation in Copper Canyon and also 
provide three control points for the placement of magnetozones (Figure 7). A high quality 
age from the tuff at 1645 m in the section would have been a further valuable control 
point, but two attempts both failed to provide a result of sufficient quality. The biotite 
grains used to try to extract a reliable age from the tuff beds either underwent non-
uniform post-crystallization degassing from a heating event resulting in 40Ar loss or the 
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biotite was introduced into the tuff post deposition through water run-off reworking. No 
other likely candidates for dating were identified in the upper section of the formation. 
Therefore, an 40Ar/39Ar age of 3.1 ± 0.2 Ma (Holm et al., 1994) from a tuff bed near the 
base of the overlying Funeral Formation conglomerates is considered the closest reliable 
upper limit radiometric date for the Copper Canyon Formation (Figures 1, 7). 
 
Magnetostratigraphy 
 Magnetic directions from this study pass a reversal test after removing structural 
tilt and fail the reversal test if no structural correction is applied (Figure 6). Since samples 
were collected from various places along a plunging syncline and have a variety of 
structural corrections, comparing the reversal test before and after structural correction 
provides an extra layer of assurance that the results predate folding and are primary 
directions. The magnetic carrier is probably a combination of magnetite and hematite and 
appears to be a depositional remanent magnetization (DRM). Best results were from 
well-indurated lithologies including sandstones and carbonates whereas mudstones, that 
decrepitate during thermal treatment gave the poorest results. Because samples were from 
oriented slabs and such a variety of bedding orientations, we are not able to evaluate post-
deposition structural rotation over this time interval. Visual inspection of the results 
suggests that little or no rotation has occurred. 
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Figure 7. Simplified lithostratigraphy and magnetostratigraphy of the Copper Canyon 
Formation deposits. (A), Thickness in meters. (B), Simplified lithologic column. (C), 
40Ar/39Ar date locations. (D), Tilt-corrected declination and inclination with magnetozone 
divisions and mean values for each chron. (E), Time scale. (F), Stratigraphic zone. (G), 
Epoch. (H), Polarity time scale. (I), Geomagnetic polarity timescale. Magnetic polarity 
time scale (GPTS) after Cande and Kent (1995). Global time scale after U.S. Geological 
Survey Geologic Names Committee, 2010. North American Land Mammal age 
(NALMA) after Alroy (2000). 
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Combined Analysis 
 A combination of 40Ar/39Ar dates and magnetostratigraphy has produced a well-
constrained correlation to chronostratigraphy for the Copper Canyon Formation. Figure 8 
shows a plot of accumulation rate segments defined by dated basalts and magnetozone 
transitions. Dates of the magnetozone transitions are from the geomagnetic polarity 
timescale (GPTS) of Cande and Kent (1995). The first accumulation rate trend segment is 
from the Coffin Peak Basalt Flow at 5.20 Ma to the Gyp Hill Basalt Flow at 4.73 Ma. 
Stratigraphic data compared to the GPTS curve indicates that chron C3n.3n is mostly 
missing at this location (Figure 7). The average accumulation rate is about 0.13 m/1000 
yr following the initiation of sedimentation in the developing basin. 
 Subsequent to the 4.73 Ma basalt, lacustrine deposition dominated in the basin 
center and spanned several magnetic polarity transitions during this period. Figure 8 
shows a fairly uniform accumulation rate for the remainder of deposition in the basin 
with one slower interval marked by the segment from 1270 to 1340 m but with an overall 
average accumulation rate between 4.73 Ma to the top of the measured section of 
0.98m/1000yr.  
 The age of the top of the formation is bracketed, but not precisely dated, by 
magnetostratigraphic and radiometric data. A maximum age of 3.22 Ma is implied by the 
date of the base of the normal polarity of the upper formation and its correlation to the 
C2An.2n chron. The minimum age limit is from a tuff near the base and within the 
overlying Funeral Formation conglomerates with a reported date of 3.1 ± 0.2 Ma (Holm 
et al., 1994). Applying the accumulation rate trend suggests an age for the top of the 
formation of about 3.15 Ma.  
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Figure 8. Time vs. stratigraphic thickness. Ages of control points are based on 
radiometric ages or on the age of the magnetozone boundary from Cande and Kent 
(1995). Slopes show an initial time of low accumulation then a fairly uniform 
depositional rate for most of the formation. 
 
 
Relation to Previous Copper Canyon Formation Age Assignments 
 Figure 9 shows a stratigraphic diagram comparing the dates for the Copper 
Canyon Formation reported herein and those reported by other workers. Table 6 gives a 
summary of those dates with references. This study presents specific independent data for 
the age range of the formation of 5.20 to 3.15 Ma (Figure 9A-D).  
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 The first radiometric age obtained for the formation was a K-Ar whole rock age of 
4.9 Ma from a basalt flow “low in the formation,” reported by Otton (1977) as a personal 
communication from Hildreth in 1976 (Figure 9E). The exact location of this basalt is 
unknown and can fit either the date obtained herein for the lower or middle basalt (Table 
3, 6). Holm et al. (1994) reported an 40Ar/39Ar age of 4.9 ± 0.1 Ma from the basalt flow 
just below the lower unit of the lacustrine deposits of the formation, which fits the date 
obtained herein for the Gyp Hill Basalt Flow (Figure 9E; Table 3, 6). In addition, Holm et 
al. (1994) reported an 40Ar/39Ar age date of 3.1 ± 0.2 Ma from the overlying Funeral 
Formation conglomerates in the Copper Canyon area (Figure 9F).  
 Scrivner and Bottjer (1986) reported two radiometric dates from the formation: a 
K-Ar age of 7.5 ± 0.5 Ma from a basalt flow in the lower lacustrine deposits (Figure 9G); 
and a K-Ar age of 9.4 ± 0.7 Ma from zircons derived from a vitric tuff within the upper 
lacustrine deposits (Figure 9H). These ages are incompatible with the high resolution 
40Ar/39Ar dates of this study and are out of stratigraphic order, therefore they are 
considered to be equivocal.  
Table 6. Summary of dates reported for the Copper Canyon Formation. 
Author 
 
Material Age 
Curry, 1941 Date based upon horse tracks 
 
Middle Pliocene 
Otton, 1977 4.9 Ma from a basalt flow “low in the 
formation” 
 
No date given for formation 
Scrivner, 1986 Two K-Ar ages of 7.5 ± 0.5 Ma and 9.4 ± 0.7 
Ma 
 
10-7 Ma 
Holm et al., 
1994 
Ar-Ar age of 4.9 ± 0.1 Ma from basalt flow just 
below lower unit of the lacustrine deposits 
 
No date given for formation 
Reported herein Three Ar-Ar ages of 5.20 ± 0.08 Ma, 4.73 ± 
0.05 Ma, and 4.33 ± 0.07 Ma from the Coffin 
Peak, Gyp Hill, and Carnivore Ridge basalt 
beds respectively 
Deposits between 5.20 and 3.15 Ma  
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Figure 9. Stratigraphic diagram showing time placement and correlation between the 
dates reported herein for the Copper Canyon Formation and previous reported dates. 
Dashed lines and letters A-F represent radiometric dates discussed in the text.  
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Relation to other Cenozoic Deposits of Death Valley 
 Figure 10 compares the Copper Canyon Formation dates reported herein to the 
other Cenozoic basin fill deposits of Death Valley. Within the Death Valley area, there 
are three other Cenozoic lacustrine basin fill deposits of similar character. These units are 
the Artist Drive, Funeral, and Furnace Creek formations (Figure 10). Other workers have 
made only general references to dates and stratigraphic placement of the Copper Canyon 
Formation to the other three basin fill deposits (Wright et al., 1999). We have 
summarized these reports to evaluate specific dates for the Copper Canyon Formation 
and the relation of the formation to other Cenozoic basin fill deposits (Figure 10).  
 Initial extensional faulting in Death Valley began as early as 16 Ma (Wright et al., 
1999) with basins forming and subsequent basin fill deposits accumulating 2-3 million 
years later (Figure 10I). Early patterns of sediment fill imply regional-scale fluvial 
transport beginning as early as 16 Ma (Wright et al., 1999; Miller and Prave, 2002) and a 
later changeover to sedimentary transport and deposition largely confined within 
relatively small, closed-lacustrine basins (Reynolds, 1969; Cemen, 1983; Wright et al., 
1991; Wright et al., 1999; Fridrich et al., 2000). This style of sedimentation continued 
until about 3Ma in the vicinity of the Northern Death Valley/Furnace Creek fault region 
(Wright et al., 1999; Blakely et al., 1999; Fridrich et al., 2000).  
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Figure 10. Stratigraphic diagram showing time placement and correlation of the Copper 
Canyon Formation dates reported herein and the other three Cenozoic basin fill deposits 
of Death Valley. Dashed lines and letters A-V represent dates discussed in the text.  
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Artist Drive Formation 
 The reference section for the Artist Drive Formation is in the Ryan-Billie Mine 
area (Cemen et al., 1982; Cemen et al., 1985; Cemen and Wright, 1988; Wright et al., 
1999). Cemen et al. (1985) reported K-Ar biotite ages of 13.7 ± 0.2 Ma and 12.7 ± 0.4 
Ma from two tuff beds at about 25 and 50 m from the base of the formation (Figure 10J, 
K). About 600 and 900 m stratigraphically above those dated units Cemen et al. (1985) 
reported biotite ages of 10.6 ± 0.2 Ma and 6.4 ± 0.3 Ma (Figure 10L, M). Further south, 
in the Black Mountains, the Artist Drive Formation becomes stratigraphically complex 
with lateral and vertical interfingering and transition to volcanic and volcaniclastic units; 
there, the formation remains, for the most part, undated with no detailed measured 
sections (Greene, 1997; Wright et al., 1999).  
 Fleck (1970; in Greene, 1997, Appendix 2) reports an 40Ar/39Ar date of 9.8-8.3 
Ma from biotite grains isolated from a tuff bed near the base of the Artist Drive 
Formation in the north end of the Artist Drive Block (Figure 10N). Greene (1997) 
considered the Artist Drive Formation to be <10 Ma to 6Ma at the Artist Drive Block, but 
at the Ryan-Billie Mine area the exposures referred to as the Artist Drive Formation by 
others (McAllister, 1970, 1973; Cemen et al., 1985; Wright et al., 1999), Greene (1997) 
considered the Ryan Formation. Greene (1997) reported a K-Ar age of 8.7 ± 0.3 Ma from 
a tuff sample within the lower pyroclastic member, unit Trt2 as mapped by McAllister 
(1970), from strata overlying the measured section of McAllister (1970) in the Ryan-
Billie Mine area (Figure 10O). Wright et al. (1999) refers to ~6.5 Ma dated rhyolite flows 
at the top of the Artist Drive Formation (Figure 10P). Initial deposition of the Artist Drive 
Formation appears to follow basin formation at about 14 Ma. The base may be time-
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transgressive to the north. The top of the formation is currently reported as 6 to 6.4 Ma 
(Cemen et al., 1985; Greene, 1997; Wright et al., 1999). 
 
Furnace Creek Formation 
 A K-Ar date of 6.3 ± 0.1 Ma from volcanic rocks is presented as a maximum age 
for the base of the Furnace Creek Formation (Fleck, 1970) (Figure 10V). Cemen et al. 
(1985) published a 5.87 ± 1.5 Ma biotite age for a basalt flow in the lower third portion of 
the Furnace Creek Formation (Figure 10W) in the Furnace Creek area (Cemen et al., 
1985 reported as a personal communication by R. B. Kistler, 1983, refer to their figure 4). 
Greene (1997) indicates the basalt flow to be about 670 m from the base of the Furnace 
Creek Formation.  
 K-Ar dates of 5.18 ± 0.15 Ma and 5.88 ± 0.2 Ma (Figure 10X) were determined 
from vitrophere (a phenocryst-bearing obsidian) of the Greenwater Formation southeast 
of Ryan (McAllister, 1973). The Greenwater volcanics, as mapped by McAllister (1973), 
overlie the Furnace Creek Formation and underlie the Funeral Formation. Machette et al. 
(2001) reported the occurrence of the 3.1-3.35 Ma Mesquite Spring tuffs in the upper 
Furnace Creek Formation (Figure 10Y) near the southern margin of the Furnace Creek 
basin (refer to Knott et al., 2005, for explanation and stratigraphic distribution of the 
Mesquite Springs tuffs).  
 The base of the Furnace Creek Formation is close to, or may partially overlap, the 
end of Artist Drive Formation deposition and overlaps both the Funeral and Copper 
Canyon formations.  
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Funeral Formation 
 Fleck (1970) reported a 5.4 ± 0.2 Ma K-Ar age from the vitrophyre member of the 
Greenwater Volcanics; he interprets this as delineating the maximum age for the Funeral 
Formation and minimum age for the Furnace Creek Formation (Figure 10Q). Topping 
(1993) reported a zircon fission track age of 5.2 Ma for a tuff in the Funeral Formation 
exposures within the southern Black Mountains (Figure 10R). McAllister (1973) reported 
a K-Ar date of 4.03 ± 0.1 Ma from a basaltic flow within the Funeral Formation 4.5 Km 
northeast of Ryan (Figure 10S). Machette (2001) reports the base of Funeral Formation as 
> 4 Ma in the Funeral Mountains based on K-Ar data of McAllister (1970) and the base 
of the Furnace Creek Formation in the Furnace Creek basin at <3.1 Ma (Figure 10T). 
 A number of correlated tuff beds are found in the Death Valley area (see Knott et 
al., 1999b for detailed distribution and Neogene ash beds of Death Valley). Several are 
found within the upper portions of the Funeral Formation (Figure 10U) including; 1.7-1.9 
Ma lower Glass Mountain, ~1.5 Ma middle Glass Mountain, ash beds northeast of the 
Funeral Creek type section (Sarna-Wojcicki et al., 2001), 3.1 Ma and 3.35 Ma lower and 
upper Mesquite Springs tuffs, 3.28 Ma Nomlaki Tuff, 3.35-3.58 Curry Canyon tuff, and 
1.7-1.9 lower Glass Mountain ash bed within the Artist Drive Block (Knott et al., 1999a, 
b; Knott et al., 2005; Sarna-Wojcicki et al.,  2001), and 3.1 ± 0.2 Ma (Holm et al., 1993) 
correlated to the Mesquite Spring tuff (Knott et al., 1999b, 2005) within the upper portion 
of the Funeral Formation stratigraphically above the Copper Canyon Formation. As 
pointed out by Knott et al. (2005), the Funeral Formation is time transgressive with 
variable thickness.  
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 Of particular importance to our work is a date from the Funeral Formation that 
directly overlies the Copper Canyon Formation within Copper Canyon (Figure 1). An 
40Ar /39Ar age of 3.1 ± 0.2 Ma was obtained from a tuff bed within the overlying Funeral 
Formation in Copper Canyon (Holm et al., 1994). This bed was later identified as part of 
the Mesquite Springs tuffs (Knott et al., 2005).  
 
Copper Canyon Formation – Description and Justification 
 The Copper Canyon Formation consists of about 1800 m of conglomerate, 
sandstone, mudstone, limestone, tuff, and basalt flows (Figures 1, 3). The Copper Canyon 
Formation has been mapped and is distinguished from underlying volcanic and 
metamorphic units and overlying basalt-rich conglomerate of the Funeral Formation 
(Figure 1). The formation is named for Copper Canyon basin where it crops out within 
Copper and Coffin canyons (Figure 1). The name is derived from an old copper mine in 
the upper part of the canyon.  
 The Copper Canyon Formation is underlain by metasedimentary rocks of the 
Mormon Point Turtleback to the south and older volcanics (as reported by Drewes, 1963) 
to the north. It is overlain by conglomerates of the Funeral Formation to the east (Figure 
1). Surrounding the Copper Canyon Formation are deposits in the Black Mountains 
including limestones of the Pogonip Group (Nolan et al., 1956), carbonates of the 
Noonday Dolomite (Wright et al., 1978), quartzite of the Stirling Quartzite (Stewart, 
1970), and volcanics (Otten, 1977). (Figure 1).  Based on an examination of the detailed 
measured section, sequential vertical and lateral changes of rock units, and on mapping of 
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the basin filling rocks, the formation was divided into three new sedimentary members 
and three new basalt flows (Figure 1; Table 7).  
 
 
Table 7. Division of Copper Canyon Formation into members and basalt flows. 
Acronyms in parenthesis refer to map unit (Figure 1). 
 
 
 
 The Greenwater Conglomerate Member underlies and interfingers with the Coffin 
Canyon and Barnyard members (Figure 1, 2). Defining boundaries is therefore difficult; 
however, the member possesses distinct lithologic properties distinguishing it from 
adjacent members; therefore making it possible to map the rock units as part of this 
member (Figure 1, 2). The member is named for the Greewater Range to the northeast of 
Copper Canyon. 
 The Coffin Canyon Member crops out between the Gyp Hill and Carnivore Ridge 
basalt flows from about 70 to 600 m (Figure 1-3). The member consists mainly of 
gypsum interbedded with mudstone and a few isolated beds of calcareous-dolomitic silty 
mudstone. The member is named for Coffin Canyon where it crops out (Figures 1, 2). 
The name is derived from the fact that there is no easy outlet from the canyon to Death 
Valley. The name, Coffin Canyon, has been published on numerous  maps of the area. 
 The Barnyard Member crops out between Carnivore Ridge Basalt Flow up to the 
top of the formation from about 600 to 1780 m (Figure 1, 3). The member consists of 
COPPER CANYON FORMATION 
MEMBERS BASALT FLOWS 
Greenwater Conglomerate (Tcg) Coffin Peak (Tbc) 
Coffin Canyon (Tcc) Gyp Hill (Tbg) 
Barnyard (Tcb) Carnivore Ridge (Tbr) 
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interbedded calcareous-dolomitic silty mudstone and limestone deposits (Figure 1-3). The 
member is named for calcareous-dolomitic silty mudstone outcrops that contain a number 
of fossil tracks resembling a barnyard floor. The name derives from references, including 
unpublished maps, by Donald Curry who first reported animal tracks in the Copper 
Canyon basin. 
 The Barnyard Member represents a lithologic shift from interbedded gypsum and 
mudstone of the Coffin Canyon Member to interbedded calcareous-dolomitic silty 
mudstone and limestone deposits of the Barnyard Member (Figures 1-3). The transition 
between these two members is the Carnivore Ridge Basalt Flow (Figures 1-3). 
 Three basalt flows (Coffin Peak, Gyp Hill, and Carnivore Ridge) occur within the 
Copper Canyon Formation at 3, 65, and 570 m from the base of the type section (Figures 
1-3). Each basalt flow possesses distinct lithologic properties distinguishing it from the 
other basalt flows and members. In addition, each basalt flow gave distinct 40Ar/39Ar 
dates. The Coffin Peak Basalt Flow is named for a prominent bluff to the north of the 
formation. The Gyp Hill Basalt Flow is named for gypsum deposits that outcrop in Coffin 
Canyon. The name has been used in unpublished maps by Donald Curry, which are 
housed at Death Valley National Park. The Carnivore Ridge Basalt Flow is named for 
calcareous-dolomitic silty mudstone outcrops that contain a number of fossil carnivore 
tracks.  
 
Greenwater Conglomerate Member 
 The Greenwater Conglomerate Member at the base of the Copper Canyon 
Formation is about 70 m thick (Figures 1, 2). At about 70 m the conglomerates grade into 
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the Coffin Canyon Member. From about 70-1780 m the Greenwater Conglomerates are 
present at the basin margins and interfinger with the Coffin Canyon and Barnyard 
members (Figure 2). At the top of the Copper Canyon Formation, the Greenwater 
Conglomerates partially overlie the Barnyard Member (Figure 2).  
 This member consists of conglomerates that grade from the basin margin and are 
interbedded with sandstones (Figure 2). Typical outcrops are cliffs of unstratified pebble- 
to -boulder sized clasts near the basin margins with more abundant sandstones near the 
basin center. Two types of conglomerates are distinguished based on composition. One is 
dominated by felsite-rich clasts with small amounts of igneous and metamorphic and very 
minor amounts of tuff clasts (Figure 11C). The second is a quartzite-limestone rich 
conglomerate with small amounts of tuff and felsite clasts (Figure 11D). Felsite-rich 
conglomerate typically weather to a moderate red (5R 4/6) color and fresh surfaces are 
pale reddish brown (Figure 11C). Quartzite-limestone conglomerate weathers gray and 
fresh surfaces are light gray to white (Figure 11D). Tuff clasts are white to light green in 
color.  
 Matrix supported conglomerate is uncommon. When present, the matrix ranges 
from coarse sand to clayey fine sand and silt-sized calcareous, igneous, and siliciclastic 
grains (Figure 11). The pebble and boulder clasts are quite variable in size. They 
generally range in diameter from 2-5 cm, although a few are as much as 20 cm in 
diameter, especially near the basin margins. Clasts are angular to subrounded (Figure 11).  
Conglomerate fabrics are generally massive, poorly sorted, and clast supported. Some 
outcrops show fining upward trends (Figure 11B) and a few are reverse graded (Figure 
11A).  
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 Sandstone is composed of feldspar (plagioclase dominated) and quartz grains, 
igneous and carbonate rock fragments, and organic debris. The sandstone has a similar 
composition to the conglomerate but contains a larger percentage of carbonate both as 
clasts and as micritic cements. Grains are angular, sub-angular to rarely sub-rounded. 
Sandstone weathers brown and gray, and fresh surfaces are yellow, yellowish gray, and 
orange gray. Sandstone shows a variety of structures from planar to cross-bedded to 
massive.  
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Figure 11. Photographs of Greenwater Conglomerate. (A), Matrix supported reverse 
graded conglomerate. Arrow points to sharp contact between underlying calcareous-
dolomitic silty mudstone bed and Greenwater Conglomerate above; penny for scale. (B), 
Greenwater Conglomerate, arrow indicates direction of a fining-up sequence from clasts 
supported conglomerate to a sandstone. Not seen in the photo, but observed by the 
author, conglomerates often fine to a mud drape; penny for scale. (C), felsite-rich 
Greenwater Conglomerate; penny for scale. (D), Quartzite and limestone rich Greenwater 
Conglomerate; arrows point to large clasts of quartzite and limestone; scale is 15 cm. In 
both 15C and 15D clasts are angular to subangular.  
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Coffin Canyon Member 
 
 The lower part of the sedimentary beds in the center of the basin, herein named 
the Coffin Canyon Member, consist mainly of gypsum interbedded with mudstone and a 
few isolated beds of calcareous-dolomitic silty mudstone (Figures 1-3, 12A). Bird tracks 
and one ichnospecies of camel track have been located within this member. Gypsum is 
often interbedded with mudstone forming meter scale cylces in outcrop (Figure 12A-C). 
In several places, beds of  pure gypsum several meters thick occurs. Petrographically, 
gypsum is composed of almost entirely pure, fibrous needle crystals. Needle gypsum is a 
prismatic, primary gypsum growth form (Warren, 2006). Thin bedded gypsum is most 
common, with individual beds ranging from lamina to meter scale thickness. Bedding 
structure in the gypsum is wavy and parallel. Gypsum weathers light gray to light olive 
gray and weathered and fresh surfaces are white to very light gray.  
 Mudstone frequently occurs interbedded with gypsum with individual bed 
thickness from 2-20 cm. Petrographically, mudstone has a similar lithology to siltstone 
with fine-grained calcareous, igneous, and siliciclastic grains. Mudstone is composed of 
70-90% feldspar and quartz with minor clays and carbonate clasts (Appendix 2). Fabrics 
are poorly sorted and planar to cross bedded. Mudstone weathers deep red or brown and 
fresh surfaces are pale orange to light brown (Figure 12C).   
 50 
 
 
Figure 12. Several lithologies represented in the Copper Canyon Formation. (A), Gypsum 
and mudstone within the Coffin Canyon Member. (B), Thick gypsum bed exposed within 
the Coffin Canyon Member. (C), Alternating gypsum and mudstone beds typical of the 
Coffin Canyon Member deposits. (D), Distribution and abundance of limestone beds 
within the Barnyard Member. Black arrow points to Carnivore Ridge Basalt Flow and 
black arrows point to several dark brown limestone beds that are interbedded with lighter 
calcareous-dolomitic silty mudstone beds. (E), Tufa mound showing central micritic pipe 
and surrounding porous tufa. (F), Domical 1-3 cm diameter stromatolites on bedding 
plane surface associated with limestone beds that contain tufa mounds. 
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Barnyard Member 
 
 The Barnyard Member represents a lithologic shift from interbedded gypsum and 
mudstone of the Coffin Canyon Member to interbedded calcareous-dolomitic silty 
mudstone and limestone deposits of the Barnyard Member (Figures 1-3). Both limestone 
and calcareous-dolomitic silty mudstone thickness is variable ranging from 1 cm to 
several meters. Limestone beds are cliff forming and interbedded with calcareous-
dolomitic silty mudstone that erodes easily (Figure 12D). 
 The calcareous-dolomitic silty mudstone consists of angular to sub-angular sand 
to mud-size grains of quartz, feldspar, carbonate, clay fragments, micas, and organics 
with calcite cement. Petrographically, most of the carbonate is detrital with a smaller 
proportion of authigenic carbonates (rhombic grains of dolomite in thin section). Calcite 
and dolomite percentages are similar with combined totals ranging from 20-70% of the 
rock. Bedding is variable from planar to cross bedded (Figure 13A, B) with many beds 
having sharp, erosional surfaces. Load casts and soft sediment deformation are common, 
with flame structures and flute casts prominent (Figure 13). Bioturbation cross cuts many 
of the beds. These beds often preserve animal tracks and playa mudflat shoreline features 
such as ripples, raindrop impressions, and mud cracks (Figure 14). In several places fossil 
reeds occur as casts (Figure 14B). The calcareous-dolomitic silty mudstone beds weather 
light brown to moderately yellowish brown and fresh surfaces are pale yellowish brown 
and yellowish gray (Figure 13, 14).  
 Limestone beds are numerous within the Barnyard Member (Figure 12D; 
Appendix 1). Petrographically, limestone contains skeletal fragments of invertebrates and 
charophytes with micritic coatings. Invertebrate fossils are often filled with sparry calcite, 
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chalcedony, rounded mud clasts or pieces of other invertebrates. Silicification, in the 
form of chalcedony, occurs in all of the limestone beds as partial replacement of 
carbonate, as well as silica cementation in voids. The limestone occurs in a wide range of 
colors, including dark brown and dark gray when weathered, or yellow and orange, very 
pale orange, brown, and gray fresh surfaces (Figure 12D-F). 
 Tufa mounds, ranging from 5 cm to several meters in diameter and height, and 
stromatolites occur in about 10 of the limestone beds (Figure 12E, F). Tufa mound 
original internal structure consists of porous and crystalline (thinolitic) fabric often 
associated with aquatic vegetation remains (laminated casts). Petrographically, tufa is 
much more porous than the other limestone beds. Pores are partially filled with 
mudstone, invertebrate skeletal fragments, and charophyte material that are often coated. 
In addition, fossil reeds and one fossil palm occur on the same bedding plane as the tufa 
mounds. Interbedded 1-3 cm diameter domal stromatolites are often associated (on the 
same beeding plane) with the tufa mound bearing limestone (Figure 12F). Stromatolites 
are composed of alternating light and dark macrolaminae to submillimeter first order 
laminae. Laminae are laterally continuous with variable thickness. 
 Calcareous-dolomitic silty mudstone and limestone beds are mainly deposited 
within the upper two-thirds of the formation within the Barnyard Member with a few 
scattered beds occurring in the lower Coffin Canyon Member (Figure 3). The Barnyard 
Member deposits crop out between the Carnivore Ridge Basalt to the top of the formation 
from about 600 to 1780 m (Figure 1-3).  
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Figure 13. Sedimentary structures typical of the calcareous-dolomitic silty mudstone. (A), 
Soft sediment deformation structures in the center of the image where mud has extended 
into an overlying sandstone bed; note the sharp contact between beds; penny for scale. 
(B), Cross bedded wave ripples; penny for scale. (C), Ball and pillow structures 
indicating liquidization of sediments during deposition; penny for scale. (D), Load 
structures comprising synforms (load casts); lens cap for scale. (E), Flute casts; penny for 
scale. (F), Sucession of sandstone, planar bedded at the base, followed by a sharp contact 
indicating a time period of consolidation of the sediments and/or erosion, then 
calcareous-dolomitic silty mudstone deposit and lastly conglomerate deposited on top 
that became liquidized causing soft sediment deformation (flame structures) of the 
calcareous-dolomitic silty mudstone going into the overlying conglomerate bed; arrow 
points to flame structure; penny for scale. 
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Figure 14. Sedimentary structures typical of the calcareous-dolomitic silty mudstone 
facies. (A), Typical outcrop within the Barnyard Member; camelid track in the center of 
the image and directly above on another thin bed there are wave  ripples; above the 
ripples, and after a few more calcareous-dolomitic silty mudstone beds, there is a thick 
gray sandstone bed; no scale, overhanging outcrop. (B), Reed casts on bedding surface. 
(C), Sinuous current ripples in the process of becoming linguoid ripples; note the finer 
mudstone infilling many of the ripple troughs; penny for scale. (D), Raindrop impressions 
on bedding surface. (E), Polygonal mudcracks on bedding surface.  
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Coffin Peak, Gyp Hill, and Carnivore Ridge Basalt Flows 
 Three basalt flows (Coffin Peak, Gyp Hill, and Carnivore Ridge) occur within the 
Copper Canyon Formation at 3, 65, and 570 m from the base of the type section (Figures 
1-3).  
 The Coffin Peak Basalt Flow is slightly porphyritic, often with olivine and 
feldspar crystals. It is the thinnest and least extensive of the three basalt flows at about 10 
m at greatest thickness. Phenocrysts consist of olivine and feldspar. The Gyp Hil Basalt 
Flow is slightly porphyritic often with olivine and feldspar phenocrysts and copper 
mineralization. This basalt flow is about 20 m at greatest thickness and thins at the 
margins (Figures 1, 2). The Carnivore Ridge Basalt Flow has a porphyritic, ophitic to 
intergranular texture with olivine and feldspar phenocrysts. This basalt is about 15 m at 
greatest thickness, thinning appreciably towards the margins (Figures 1, 2).  
 The basalt flows are vesicular and weather to an olive gray. Fresh surfaces are 
brownish black and dark gray. The base of the basalt flows show baked contacts.  
 
Conclusions 
 The 1800 m of conglomerates and fluvial-lacustrine deposits within Coffin and 
Copper canyons is formally designated as the Copper Canyon Formation. A detailed 
measured section through the Coffin and Copper canyons is defined as the type section. 
The Formation is divided into three new members; the Greenwater Conglomerate, Coffin 
Canyon, and Barnyard and three new basalt flows; Coffin Peak, Gyp Hill, and Carnivore 
Ridge based upon stratigraphic and lithologic characteristics.  
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 The three basalt flows produced high resolution 40Ar/39Ar dates of 5.20, 4.73, and 
4.33 Ma. Magnetic directions obtained from the basalt and sedimentary rocks pass a 
reversal test and were grouped into magnetozones and correlated to the geomagnetic 
polarity timescale (Cande and Kent, 1995) based on the radiometric dates from the 
basalts. Magnetozones include chrons 3n.4n to 2An.2n. Radiometric age determination 
on the basalt beds, paleomagnetic analysis, and a radiometric age on a tuff bed 
stratigraphically above the Copper Canyon Formation within the overlying Funeral 
Formation, constrain the age of the Copper Canyon Formation to between 5.20 to 3.15 
Ma. An average accumulation rate for the lacustrine sediments is 0.98 m/1000 yr or just 
under 1 mm/yr. A slowing in accumulation between 3.58 and 3.33 Ma is suggested with 
resumption of normal rates after 3.33 Ma. 
 Review of previously published radiometric dates from the Copper Canyon 
Formation shows two K-Ar dates that are not correct. Scrivner and Bottjer’s (1986) K-Ar 
dates from a tuff bed high in the section of 9.4 ± 0.7 Ma and basalt from the lower 
lacustrine unit of 7.5 ± 0.5 Ma are out of stratigraphic order and are older than all of the 
higher resolution Ar/Ar dates of this study, therefore they are not considered valid. Other 
dates (Otton, 1977; Holm et al., 1994) fit into the dates reported herein. Comparison of 
this study to published regional-coverage publications shows the Copper Canyon 
Formation is nearly coeval with the Furnace Creek Formation. It is younger than the 
Artist Drive Formation and overlaps the base of the Funeral Formation. Additional 
radiometric dates and paleomagnetic analysis are needed within the other Cenozoic basin 
fill deposits of Death Valley to further constrain stratigraphic placement of these 
deposits.  
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CHAPTER THREE 
 
SEDIMENTOLOGY AND DEPOSITIONAL ENVIRONMENTS OF THE 
COPPER CANYON FORMATION BASIN FILL DEPOSITS, DEATH 
VALLEY, CALIFORNIA 
 
 
Abstract 
During the Cenozoic, both strike-slip and extensional regimes coexisted in the 
Death Valley area giving rise to a number of fault-bounded basins. One of these basins, 
exposed within the Coffin and Copper Canyons of Death Valley, California, contains a 
thick sequence of approximately 1800 m of conglomerates, basalt flows, and lacustrine 
deposits. This paper describes the sedimentology and the depositional environments of 
the Copper Canyon Formation throughout its depositional history. The Copper Canyon 
Formation is divided into nine lithologies and five lithofacies based upon sequential 
vertical changes and lithologic characteristics. The formation is further divided into the 
depositional environments: alluvial fan, sandflat, mudflat, ephermeral-saline lake, and 
perennial fresh to saline lake. Measurement of sections, mapping, and rock analysis 
(chemistry, isotope, and petrography), enabled reconstruction of the depositional 
environments. The formation is significant because it contains numerous shoreline 
mudflat features and highly abundant, and diverse mammal and bird tracks. Initial 
alluvial-fan conglomerate deposits in the depositional basin indicate active uplift. As 
tectonically driven basin development continued, the basin expanded and deepened 
giving rise to a low relief mudflat with ephermeral-saline lake. Closed hydrography and a 
high evaporation/precipitation ratio led to hypersalinity and precipitation of gypsum. 
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Evaporitic beds grade vertically into extensive mudflat beds interbedded with limestones 
represented by the perennial fresh to saline lake depositional environment. Mudflat facies 
preserve numerous shoreline features including mudcracks, ripples, raindrop impressions, 
and abundant and diverse mammal and bird tracks. Limestone beds consist of gastropods, 
bivalves, ostracods, and charophyte packstone associated with stromatolites and tufa 
mounds, indicating spring activity and overall freshening of the lake. Animal tracks are 
coincident with the appearance and distribution of the limestone spring deposits, 
suggesting a cause and effect. Three basalt flows, paleomagnetic analysis, and a tuff bed 
stratigraphically above the Copper Canyon Formation, give dates of 5.20 Ma for the base 
of the formation and 3.15 Ma for the top of the formation.  
 
Introduction 
 The Copper Canyon Formation crops out in an area approximately 13 km2, in 
Copper and Coffin canyons on the west side of the Black Mountains in southern Death 
Valley National Park, California. The formation represents approximately 1800 m of 
conglomerates, basalt flows, and lacustrine deposits. Radiometric age determination on 
the basalt flows, paleomagnetic analysis, and a radiometric age on a tuff bed 
stratigraphically above the Copper Canyon Formation, give dates of 5.20 Ma for the base 
of the formation and 3.15 Ma for the top of the formation (refer to Chapter 2 for details). 
The Copper Canyon Formation is subdivided into three members and three basalt flows. 
The members are the Greenwater Conglomerate, Coffin Canyon, and Barnyard, and three 
basalt flows are the Coffin Peak, Gyp Hill, and Carnivore Ridge (Figure 1; Table 1) 
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based on stratigraphic and lithologic characteristics. Table 1 shows the divisions of the 
Copper Canyon Formation into members and beds as mapped in Figure 1. 
 
Table 1. Division of Copper Canyon Formation into members and basalt flows. 
Acronyms in parenthesis refer to map unit (Figure 1). 
 
 
 
 
 
 
 
COPPER CANYON FORMATION 
MEMBERS BASALT FLOWS 
Greenwater Conglomerate (Tcg) Coffin Peak (Tbc) 
Coffin Canyon (Tcc) Gyp Hill (Tbg) 
Barnyard (Tcb) Carnivore Ridge (Tbr) 
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Figure 1. Geologic map of the Copper Canyon Formation and associated geology. 
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 The Copper Canyon Formation was divided into nine lithology types: 
conglomerate, sandstone, mudstone, gypsum, basalt/tuff, calcareous-dolomitic silty 
mudstone, skeletal packstone, tuffaceous limestone, and stromatolitic limestone; and five 
lithofacies: mudstone-evaporite, limestone, conglomerate-sandstone, sandstone-siltstone, 
and carbonate-rich silty mudstone; based upon their vertical sequential changes and 
lithologic characteristics.  
 The Copper Canyon Formation is significant because: 1) the formation preserves 
one of the world’s most abundant and diverse fossil mammal and bird track records; and 
2) the Copper Canyon Formation was deposited during an important tectonic episode that 
formed the present Death Valley and Black Mountains. Thus an understanding of the 
accumulation of these rock units is important to explain the tectonic development at this 
time, how the formation relates to the other Cenozoic basin-fill deposits of Death Valley, 
and the depositional conditions that led to the preservation of the tracks. The objective of 
this research is to determine the depositional environment represented by the Copper 
Canyon Formation and how it changes from lower to upper units. 
 
Previous Work 
 Curry (1954) first used the term Copper Canyon Formation for conglomerate and 
lacustrine beds in Copper Canyon. He noted animal track localities, but gave no 
explanation for their distribution. Curry also never defined, mapped, nor divided the 
formation into rock units. 
Drewes (1963) produced a 1:62500 geologic map of the Funeral Peak Quadrangle 
that included the Copper Canyon Formation.  He subdivided the formation into a 
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dominant conglomerate member and a subordinate siltstone and evaporite member 
(Drewes, 1963, p.32).  The depositional history of the formation, as postulated by Drewes 
(1963), is one of a tectonic basin in which playa sediments accumulated and basalt flows 
covered the basin during several episodes. Drewes’ (1963) work provided the background 
mapping of the Copper Canyon Formation; however, he does not support his work with 
any measured sections. In addition, Drewes (1963) does not mention the occurrence of 
vertebrate tracks or any other sedimentary feature in his geologic descriptions. 
Furthermore, Drewes (1963) did not interpret the depositional environment beyond 
stating that the basin was tectonic and related to the extensional faulting and uplift of the 
Black Mountains. 
Scrivner (1984), in a master’s thesis and subsequently in a publication (Scrivner 
and Bottjer, 1986), conducted a morphological study of the Copper Canyon Formation 
mammal and bird tracks. He gave morphological descriptions of the tracks, ascribing 
several of the tracks/trackways to potential track makers (to the genus level) (refer to 
Appendix 4) and postulated on the nature of the strata for preservation of the tracks and 
the depositional environment of the Copper Canyon Formation. Scrivner (1984) used the 
geologic interpretations of Drewes (1963), adding nothing new with regard to the 
geology. In addition, Scrivner (1984) did not examine in detail the distribution of the 
tracks nor lithologic changes evident in the Copper Canyon Formation.  
 Research in this region has been very limited in the past (Curry 1939, 1941; 
Drewes, 1963; Scrivner, 1984; Scrivner and Bottjer, 1986; Nyborg, 1998; Nyborg and 
Santucci, 1999, 2000) due to the areas remoteness and closure to the general public by 
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the National Park Service. No other papers have been published on the Coffin and 
Copper canyons deposits since 1986. 
 Tracks and trackways of mammals and birds are found primarily within the 
carbonate-rich silty mudstone lithofacies of the Barnyard Member (Figure 1). A few 
tracks have been found within the Coffin Canyon Member, but are limited to scarce 
exposures of the carbonate-rich silty mudstone beds. Twenty-six morphologically distinct 
tracks of cat, camel, horse, mastodon, and bird tracks have been identified from over 60 
localities (Curry, 1939, 1941; Scrivner and Bottjer, 1986; Nyborg, 1998; Nyborg and 
Santucci, 1999, 2000). The age of the Copper Canyon Formation spans the lower Blancan 
North American Land Mammal Ages (NALMA) (Alray, 2000; Lindsay et al., 2002; 
Woodburne, 2004) (refer to Chapter 1).   
 We follow Hardie et al. (1978) in identifying the sedimentlogical framework of 
lacustrine basins by depositional environments, where in, each environment is defined by 
a specific set of characteristic depositional processes. They divided modern saline lake 
basins into the depositional environments: 1) alluvial fan; 2) sandflat; 3) mudflat; 4) 
ephermeral-saline lake (saline mudflat and salt pan); 5) perennial saline lake; 6) dune 
field; 7) perennial stream flood plain; 8) ephemeral stream flood plain; and 9) spring. The 
Copper Canyon Formation has similar depositional environments, therefore we use their 
environmental concepts. In addition to Hardie et al. (1978), sedimentological aspects and 
depositional environments of lacustrine deposits have been previously reviewed by 
Langbein (1961), Smoot (1978), Surdam and Stanley (1979), and Eugster (1980). These 
papers are used as a baseline for developing the depositional models presented in this 
work. 
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Methods 
 A detailed stratigraphic section was measured from base to top of the Copper 
Canyon Formation using aerial photographs (obtained from the USGS), Brunton 
compass, and Jacob’s staff with allidade for the approximate 1800 m thick outcrop 
(Appendix 1). A 1:24,000 geologic map of the Copper Canyon Formation was produced 
from aerial photographs, field observations, and measurements (Figure 1). The section 
and geologic map were drafted using Adobe Illustrator. 
 Rock samples were collected and carried to the lab for analysis. Samples were 
slabbed and a microdrill was used to take representative samples for XRD mineralogy 
and isotope analysis. Rock sample mineralogy was determined using a Siemens D- 500 
X-ray diffractometer at a 2θ range of 6–48°, a 0.02° step size, 2 s dwell time. The 100% 
quartz peak was used for angular calibration. Mineral percentages were obtained using 
MDI Jade 8.0 software by calculating mineral peak heights using the RIR method 
(Appendix 2). Powered bulk samples were sent to the University of Michigan Stable 
Isotope Laboratory for analysis. The Michigan lab uses a Finnigan MAT 251 triple-
collector gas source mass spectrometer coupled to a Finnigan Kiel automated preparation 
device to determine carbon and oxygen isotopes (Appendix 2). Thin sections of the 
representative rock lithologies were made to examine internal structures. Sedimentary 
rock samples were collected from various intervals from the entire measured section for 
XRD mineralogy (Appendix 2). However, for isotopic analysis, only the upper two- 
thirds Barnyard Member, beginning at approximately 600 m, were sampled (Appendix 
2).  
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Geologic Setting 
 Outcrops of the Copper Canyon Formation are exposed within an approximately 
13 km2 drainage basin within Copper and Coffin canyons on the west side of the Black 
Mountains in southern Death Valley National Park, California between longitude 116° 
46’ 30” and 116° 42’ 30” and along latitude 36° 7’ 00” and 36° 10’ 30” (Figure 1).  A 
1:24,000 geologic map of the Copper Canyon Formation was prepared noting members 
and basalt flows of the formation and their contacts with the surrounding geology (Figure 
1).  
 The formation is underlain by Precambrian metasedimentary rocks of the 
Mormon Point Turtleback to the south and lower Tertiary older volcanics (as reported by 
Drewes, 1963) to the north (Figure 1). It is overlain by conglomerates of the Pliocene 
Funeral Formation to the east (Figure 1). The Copper Canyon Formation is divided into 
three members and three basalt flows based on their vertical, sequential changes and 
lithologic characteristics (Figure 1, 2; Table 1). Figure 2 shows an aerial view of the 
Copper Canyon Formation and a general vertical and lateral relationship model for the 
distribution of the members and flows. 
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Figure 2. (A), Aerial photograph of the Copper Canyon Formation with labels showing 
division of the formation into members and basalt flows; aerial photo taken by author. 
(B), Vertical and lateral relationships (idealized cross section) of the Copper Canyon 
Formation members and basalt flows. 
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 Surrounding Black Mountain deposits consist of limestones of the Ordovician 
Pogonip Group (Nolan et al., 1956), carbonates of the Neoproterozoic Noonday Dolomite 
(Wright et al., 1978), quartzite of the Neoproterozoic Stirling Quartzite (Stewart, 1970), 
and Tertiary volcanics (Otten, 1977) (Figure 3).  The Copper Canyon lake developed 
about 5 Ma and was infilled from sediments from the uplifting Black Mountains and 
Mormon Point Turtleback. The position of the Black Mountain Fault Zone is inferred to 
have stepped basinward sometime after deposition ceased in Copper Canyon Lake, at 
about 3 Ma (Figure 3) (Knott et al., 2005). During that time the Copper Canyon 
Formation was uplifted and folded into a syncline. 
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Figure 3. Schematic map showing change in position of Black Mountain Fault Zone 
relative to Copper Canyon lake at time of deposition and at present.  
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Results 
Type section 
 An approximately 1800 m thick section was measured in detail from the base to 
the uppermost exposures of the formation noting lithologies, sedimentary features, tufa 
mounds, stromatolites, and animal tracks. A generalized stratigraphic column showing 
these features is presented in Figure 4. The blue lines on Figure 1 represent the detailed 
measured section (type section) taken from the best exposed and accessible outcrops 
(refer to Appendix 1 for detailed drafted sections and localities).   
 The stratigraphic column for the Copper Canyon Formation, as displayed in 
Figure 4 and in Appendix 1, shows the thickness and division of the formation into 
members and basalt flows, their vertical sequence, and their stratigraphic location. 
Chapter 2 details the stratigraphic and lithologic characteristics that are used to divide the 
formation into members and basalt flows. For the purpose of this paper, the vertical 
sequence will be used to discuss the interpretation of these rock units into lithologies, 
lithofacies, lithofacies associations, and depositional environments. 
 The Coffin Canyon Member consists of a basal 70 m of conglomerate, sandstone, 
and the Coffin Peak and Gyp Hill basalt flows (Figures 1, 4), followed by 500 m of  
mainly gypsum interbedded with mudstone (Figure 4). During this stage of the ancient 
Copper Canyon lake, tracks are limited to thin carbonate-rich silty mudstone beds. The 
Barnyard Member consists of 1200 m of carbonate-rich silty mudstone and limestone 
lithofacies cycles (Figure 4). The carbonate-rich silty mudstone lithofacies contain 
shoreline features, animal tracks, and soft sediment deformation structures. The limestone 
lithofacies is composed of invertebrate and charophyte packtone with about ten of the 
limestone beds containing tufa mounds and stromatolites (Figure 4). 
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Figure 4. Simplified lithostratigraphy of the Copper Canyon Formation deposits. (A), 
Thickness in meters. (B), Simplified lithologic column. (C), 40Ar/39Ar dates. Refer to 
Appendix 1 for detailed measured section.  
 78 
Lithologies - Definitions 
 We identified nine lithologies within the Copper Canyon Formation that include: 
conglomerate, sandstone, mudstone, gypsum, basalt/tuff, calcareous-dolomitic silty 
mudstone, skeletal packstone, tuffaceous limestone, and stromatolitic limestone (Table 
2). Most of the lithologies laterally interbed with one another. Each lithology is explained 
in detail below. 
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Figure 5. Several outcrop images representing lithologies in the Copper Canyon 
Formation. (A), Interbedded gypsum and mudstone within the Coffin Canyon Member 
(arrow). (B), Thick gypsum bed exposed within the Coffin Canyon Member. (C), 
Limestone beds (dark brown) within the upper two-thirds Barnyard Member. Limestone 
beds are interbedded with lighter calcareous-dolomitic silty mudstone beds; upper arrow 
points to Carnivore Ridge Basalt Flow and lower two arrows point to several limestone 
beds. (D), Skeletal packstone with gastropods and ostracods. (E), Tufa mound showing 
central micritic pipe and surrounding porous tufa. (F) Bedding plane surface showing 
small, domical, 1-3 cm diameter stromatolites associated with skeletal packstone beds. 
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Conglomerates 
 Conglomerates grade into and are interbedded with sandstone (Figure 2). Typical 
outcrops are several meter high cliffs of mostly unstratified pebble to boulder sized clasts. 
Conglomerates crop out near the basin margins and grade into and are replaced by 
sandstones near the basin center. Bed thickness ranges from 10 cm to several meters. 
Two types of conglomerates are distinguished based on clast composition. One is a 
felsite-rich conglomerate with small amounts of igneous and metamorphic clasts and very 
minor amounts of tuff clasts (Figure 6A). The second is a quartzite-limestone-rich 
conglomerate with small amounts of tuff and felsite clasts (Figure 6B). Matrix supported 
conglomerate is uncommon. The matrix ranges from coarse sand to clayey, fine sand and 
silt-size calcareous, igneous, and siliciclastic grains (Figure 6). Pebble and boulder clasts 
are quite variable in size (Figure 6), ranging from 2-5 cm in diameter. A few are as much 
as 20 cm in diameter, especially near the basin margins. Clasts are angular to subrounded 
(Figure 6). Conglomerate fabrics are generally massive, poorly sorted, and clast 
supported. Some outcrops show fining upward trends (Figure 6C) and a few are reverse 
graded (Figure 6D).   
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Figure 6. Outcrop examples of conglomerate lithology (Greenwater Conglomerate 
Member). (A), Felsite-rich conglomerate; penny for scale. (B), Quartzite and limestone 
rich conglomerate; arrows point to large clasts of quartzite and limestone; scale is 15 cm. 
In both 5B and 5C clasts are angular to subangular. (C), Conglomerate, arrow indicates 
direction of a fining up sequence; penny for scale. (D), Matrix supported reversed graded 
conglomerate; arrow points to sharp contact between underlying calcareous-dolomitic 
silty mudstone bed and conglomerate; penny for scale.  
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Sandstone (feldspathic arenites) 
 
 Sandstone has a similar mineralogy to, and is often interbedded with 
conglomerates. Sandstones are composed of feldspar (plagioclase dominated) and quartz 
grains, igneous and carbonate rock fragments, and organic debris (Figure 7). Micritic 
carbonate cements the sandstone (Figure 7). Grains are angular, sub-angular to rarely 
sub-rounded (Figure 7). In addition, carbonate clasts, quartz, igneous/metamorphic clasts, 
and organics (plant fragments) are also present (Figure 7). Sandstone shows a variety of 
stratification from planar to cross bedded to massive.  
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Figure 7. Photomicrographs of a typical sandstone from the Barnyard Member. (A), 
Overview of thin section. (B), Sand-to silt-size quartz, calcite, and feldspars grains with 
several larger clasts; arrows point to an elongated mudstone intraclast and tuff grain 
incorporated into the sandstone. (C), Quartz clasts (gray color), calcite (light to white 
color) within a micritic carbonate cement; darker material is clays and/or organics. (D), 
Similar to 7C with a large metamorphic rock fragment (center) included within the 
sandstone.  
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Mudstone 
  Mudstone usually occurs interbedded with gypsum with individual beds from 1-
20 cm thick. Petrographically, mudstone has a similar composition to siltstone ,with 70-
90% feldspar and quartz, and minor amounts of fine-grained carbonate clasts, feldspars, 
quartz, igneous clasts, and organics (Figure 8; Appendix 2). Mudstones are cemented by 
a mixture of calcite and dolomite micritic cements. Mudstones are often ripple cross-
bedded to planar to cross laminated. Scour and fill structures are common. Fabrics are 
poorly sorted.  
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Figure 8. Rock sample and thin section photomicrographs of mudstone from the Coffin 
Canyon Member. (A), Slab normal to bedding of mudstone interbedded with siltstone. 
Thin section was prepared from this slab. (B), Overview of thin section with planar to 
cross laminae. (C), Planar laminae. (D), Planar to cross laminae. (E), Typical mudstone 
consisting of silt-size grains of feldspars, mica, clays, organics, and carbonate clasts.   
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Gypsum 
 Gypsum is the dominate evaporite in the formation with very minor amounts of 
halite throughout the formation (Appendix 2). Gypsum is often interbedded with 
mudstone, cycles of which, form meter-scale beds in outcrop (Figure 5A). In several 
places, pure gypsum beds several meters thick occur (Figure 5B). In thin section, gypsum 
is composed of almost entirely pure, fibrous, needles (Figure 9). Needle gypsum is a 
prismatic, primary gypsum growth form (Warren, 2006). Thin-bedded gypsum is most 
common, with individual beds ranging from several centimeter laminae to meter scale 
thickness. Bedding structure in the gypsum is wavy and parallel (Figure 9). Outcrops of 
gypsum occur in the Coffin Canyon Member and the lower portions of the Barnyard 
Member. 
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Figure 9. Rock sample and thin section photomicrographs of gypsum from the Coffin 
Canyon Member. (A), Slab normal to bedding of gypsum interbedded with fine mudstone 
laminae used for thin section preparation. (B), Overview of thin section with wavy 
banding of the gypsum beds. (C), Wavy bedding and interbedding of gypsum with 
mudstone. (D), Higher magnification showing the primary, prismatic, fibrous, needle 
gypsum. (E), Same photomicrograph as 9D with crossed polarizers.   
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Basalt/Tuff 
 Three basalt flows occur within the Copper Canyon Formation at 3, 65, and 570 
m from the base of the measured section (Figure 4). The three basalt flows are named the 
Coffin Peak, Gyp Hill, and Carnivore Ridge (Figure 1, 2, 4; Table 1). Bed thickness 
ranges from 10-20 m with the greatest thickness at basin center and thinning towards 
basin margins. The basalt flows are vesicular. 
 The lowest basalt, the Coffin Peak Basalt Flow, is slightly porphyritic often with 
olivine and feldspar. It is the thinnest of the three basalt flows ranging up to 10 m thick. 
Phenocrysts consist of olivine, feldspar, and glass. The middle basalt, Gyp Hill Basalt 
Flow, is slightly porphyritic often with olivine and feldspar crystals and copper 
inclusions. This basalt flow is about 20 m at greatest thickness and thins at the margins. 
The upper basalt, Carnivore Ridge Basalt Flow, has a porphyritic, ophitic to intergranular 
texture with olivine and feldspar crystals. This basalt is about 15 m at greatest thickness, 
thinning appreciably towards the margins. The conglomerate bed stratigraphically above 
the Carnivore Ridge Basalt Flow contains clasts of basalt (Figure 10A). The base of the 
basalts, overlying other lithologies, shows baked contacts (Figure 10B). The source of 
this volcanic activity is believed to be primarily from the central Death Valley volcanic 
field near the present day Ubehebe Crater, located in the northern half of Death Valley 
(Wright et al., 1991).   
 Clasts of tuffs, 1-5 cm in diameter, occur within the conglomerates (Figure 10C), 
as grains in sandstones beds, or near the top of the formation as beds, 5-30 cm thick. 
Several tuff bed samples near the top of the formation were collected for Ar/Ar analysis; 
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however, the tuff was altered to the point that reliable dates could not be acquired from 
them (Refer to Chapter 2).  
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Figure 10. Basalt flow contacts and tuff clasts within conglomerate. (A), Basalt clasts 
within a conglomerate stratigraphically above the Carnivore Ridge Basalt; arrow points 
to one of these clasts. (B), Baked zone directly beneath the Carnivore Ridge Basalt; arrow 
points to baked zone. (C), Inclusion of tuff clasts within a felsite-rich conglomerate 
within the Coffin Canyon Member; arrows point to tuff clasts.  
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Calcareous-Dolomitic Silty Mudstone 
 
 Many of the calcareous-dolomitic silty mudstone beds are interbedded with 
sandstone and have variable thickness ranging from 1 cm to several meters. Calcareous-
dolomitic silty mudstone is composed of 20-30% quartz/feldspars, 5-10% clays, and 20-
70% calcite/dolomite (as clasts and cements). The percentage of calcite and dolomite is 
about equal. Petrographically, most of the carbonate is detrital (grains that are abraded 
and have worn corners) with a small proportion that is authigenic (rhombic grains of 
dolomite in thin section) (Figure 11). Calcareous-dolomitic silty mudstone beds consist of 
about 1-2 cm silt alternating with 1-2 cm mud (Figure 11). Bedding is variable from 
planar to cross bedded with many beds having sharp erosional bedding surfaces (Figure 
12). Load casts and soft sediment deformation features are common with flame structures 
and flute casts prominent (Figure 11-13). Bioturbation cross cuts many of the beds 
(Figure 11A). These beds often preserve animal tracks. Bedding surfaces also preserve 
ripples, raindrop impressions, and mud cracks (Figure 13-15). In several places fossil 
reeds occur as casts (Figure 14E). Calcareous-dolomitic silty mudstone and limestone 
beds are mainly deposited within the upper two-thirds Barnyard Member with a few 
scattered beds occurring in the lower Coffin Canyon Member (Figure 1, 4). 
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Figure 11. Photomicrographs of a typical calcareous-dolomitic silty mudstone from the 
Barnyard Member. Collected from unit number CGE 46 (refer to Appendix 2 for XRD 
mineralogy). (A), Overview of thin section; arrows point to soft sediment deformation 
flame structures in the center of the image and several burrows. (B), Planar lamination 
with laminae composed of silt-size grains and mudstone. (C), Minerals that compose the 
calcareous-dolomitic silty mudstone. Minerals include detrital and authigenic carbonates, 
quartz (gray color), clays, organics, and feldspars; several dolomite grains appear to be 
authigenic rhombs (yellow circles) while others are abraded and have worn corners and 
appear to be detrital (blue circles); note also the carbonate cement (pinkish-red color). 
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Figure 12. Thin section photomicrographs of a typical calcareous-dolomitic silty 
mudstone from the Barnyard Member collected from unit number CGE 48 (refer to 
Appendix 2 for XRD mineralogy). (A), Slab normal to bedding; arrow points to several 
burrows. (B), General view of thin section; note mudstone base that was exposed/eroded 
and then silt-size grains deposited that show low angle cross-bedding, and finally, the 
small burrow at the top. (C), Mineral grains that make up the calcareous-dolomitic silty 
mudstone, which are carbonates as clasts and cements, quartz (gray color), clays, 
organics, and feldspars; several dolomite grains appear to be authigenic based on their 
rhombic outline (yellow circles) whereas, others appear to be detrital (blue circles) 
having abraded and worn corners; note also the carbonate cement (pinkish-red color). 
(D), Typical minerals and flattened clays (yellow arrow) that have been incorporated 
within the siltstone. (E), Soft-sediment deformation; arrow points to flame structures. (F), 
Magnified view of typical minerals; arrow points to mica.  
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Figure 13. Soft sediment deformation (load structures) from the Copper Canyon 
Formation. (A), Load structures comprising synforms (load casts) within the calcareous-
dolomitic silty mudstone; lens cap, about 5 cm wide, for scale. (B), Calcareous-dolomitic 
silty mudstone showing ball and pillow structures indicating liquidization of sediments 
during deposition; penny for scale. (C), Succession of sandstone, planar bedded at the 
base, followed by a sharp contact, then calcareous-dolomitic silty mudstone, followed by 
conglomerate; arrow points to flame structure; penny for scale. (D), Similar to 13C where 
overlying conglomerate has deformed the underlying calcareous-dolomitic silty 
mudstone; arrow points to flame structure; jacobs staff, divided into meters, for scale. 
(E), Calcareous-dolomitic silty mudstone with soft sediment deformation structures in the 
center of the image where mud has injected into an overlying sandstone bed; note the 
sharp contact between beds; penny for scale. (F), Flute casts on calcareous-dolomitic silty 
mudstone bedform; penny for scale. 
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Figure 14. Photographs of raindrop impressions, mudcracks, and reeds in the Copper 
Canyon Formation. (A, B), Photographs of raindrop impressions as casts within the 
calcareous-dolomitic silty mudstone; lens cap, about 5 cm wide, and penny for scales. (C, 
D), mudcracks visible on several bedforms; mudcrack fill about 1-2 cm wide. (E), reed 
casts, slightly compressed and parallel to bedding surface of calcareous-dolomitic silty 
mudstone bed; lens cap, about 5 cm wide, for scale. 
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Figure 15. Asymmetric and symmetric ripples of the calcareous-dolomitic silty mudstone. 
(A), Undulatory, asymmetric current ripples, upper left hand corner of image, that are 
sinuous, and linguoid ripples in the lower right hand corner of image; no scale, photo 
represents about 5 meters wide outcrop. (B), Linguoid ripples exhibiting a crescent 
outline; direction of flow is upper right to lower left; also note the camel track, on a 
separate bedform in the right side of the image; no scale, photo represents about 5 meter 
wide outcrop. (C), Sinuous, asymmetric current ripples in the process of becoming 
linguoid ripples; note the finer mudstone infilling many of the ripple troughs; penny for 
scale. (D), Calcareous-dolomitic silty mudstone in cross section view; penny on lowest 
sandstone, placed on bed that shows ripple cross-bedding. (E), Typical outcrop within the 
Barnyard Member; camelid track in the center of the image and directly above on another 
thin bed there are symmetric wave  ripples; above the ripples, and after a few more 
calcareous-dolomitic silty mudstone beds, there is a thick gray sandstone bed; no scale, 
photo represents about 3 meter wide outcrop. (F), Calcareous-dolomitic silty mudstone in 
cross section view that shows ripple cross-bedding; penny for scale. 
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Skeletal Packstone 
 Skeletal packstone is a common limestone limited to the Barnyard Member 
(Figure 5D). Skeletal packstone consists of gastropod, bivalve, ostracod, and charophyte 
as coasted grains and ooids (Figure 5D, 16). Petrographically, invertebrates are often 
filled with sparry calcite, chalcedony, rounded mud clasts, or pieces of other invertebrates 
(Figure 16). Invertebrate and charophyte remains show multiple calcium carbonate, 
isopachous, radial  fibrous cement coatings and sparry calcite infilling (Figure 16C). In 
addition, intraclasts of rounded mudstone that contain invertebrate skeletal fragments and 
charophytes have been reworked into the limestone (Figure 16B).  
 
Tuffaceous Limestone 
 Tuffaceous limestone occurs as tufa mounds 5 cm to several meters in diameter 
and height (Figure 5E, 17). The mounds occur on bedding planes of the skeletal 
packstone. Tufa mounds are porous (Figure 17). Pores are partially filled with mudstone, 
invertebrate skeletal fragments, and charophyte material that are often coated (Figure 17). 
Tufa mound’s internal structure consists of a porous and crystalline (thinolitic) fabric 
often associated with aquatic vegetation remains (laminated casts) (Figure 17). In 
addition, fossil reeds and one fossil palm occur on the same bedding plane as the tufa 
mounds. Silicification, in the form of chalcedony (refer to Appedix 2 for XRD analysis), 
occurs in the tuffaceous limestone as partial replacement of carbonate minerals by silica 
minerals, as well as silica cementation in voids (Figure 17). 
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Figure 16. Rock sample and thin section photomicrographs of a typical skeletal packstone 
from the Barnyard Member. (A), Slab from which thin sections were prepared. (B), Thin 
section of limestone; arrows point to coated gastropod in the lower half of thin section 
and to mudstone intraclasts in upper portion of thin section. (C), Ostracod shell showing 
isopachous radial fibrous cement and sparry calcite infilling the shell. (D), Gastropod 
infilled with several ostracods and sparry calcite; ostracods have been infilled with 
rounded mud clasts (peloids) and sparry calcite. (E), Ostracods filled with coated and 
uncoated peloids. (F), Sevaral ostracods showing isopachous radial fibrous cement 
around and sparry calcite infilling the shell. (G), Charophyte in cross section infilled with 
spar.  
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Figure 17. Rock sample and thin section photomicrographs of tufa mound from the 
Barnyard Member. (A), Slab cut normal to bedding used for thin section analysis; note 
porous tufa texture. (B), Thin section showing high porosity. (C), High porosity tufa; 
darker areas are mud clasts or remnants of plant material. (D), Tufa mound showing high 
porosity and infilling bioclasts. (E), Tufa mound showing disarticulted ostracod shells 
with much of the void space filled with chalcedony. (F), Ostracod filled with chalcedony. 
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Stromatolitic Limestone 
 Stromatolitic limestone consist of 1-3 cm diameter domical structures preserved 
on the bedding plane of skeletal packstone beds and often associated with the tufa 
mounds. Domical stromatolites are composed of complex combinations of short columns 
(Figure 18C) that tend to coalesce toward the top of the dome (Figure 18B). Stromatolites 
are composed of alternating light and dark macrolaminae and submillimeter, first order 
laminae. Laminae are laterally continuous with variable thickness (Figure 18). 
 
Lithofacies 
 Five lithofacies have been identified in the Copper Canyon Formation based on 
sequential vertical changes and lithologic characteristics (Table 3). These lithofacies are: 
1) mudstone-evaporite, consisting of interbedded gypsum and mudstone, and mostly 
limited to the Coffin Canyon Member; 2) limestone, consisting of gastropods, bivalves, 
ostracods, and charophyte packstone with tufa mounds and stromatolites; 3) 
conglomerate-sandstone, which underlie, interfinger, and partially overlie the Copper 
Canyon Formation; 4) sandstone-siltstone which interfingers with the other lithofacies; 
and 5) carbonate-rich silty mudstone, which contains animal tracks, ripples, raindrop 
impressions, mudcracks, and other shoreline features. Each lithofacies is discussed 
further below. 
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Figure 18. Rock sample and thin section photomicrographs of stromatolites from the 
upper section of the Barnyard Member. (A), Domical 1-3 cm diameter stromatolites in 
bedding surface. (B), Overview of thin section. (C), Stromatolite showing dark and light 
first order laminations; void space has been infilled with quartz and interspace between 
domal stromatolites is infilled with carbonate grains. (D), Stromatolite showing the dark 
and light millimeter to submillimeter laminations.  
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Table 3. Lithofacies table. 
FEATURE LITHOFACIES  
 Mudstone-
Evaporite 
Limestone Conglomerate-
Sandstone 
Sandstone-
Siltstone 
Carbonate-rich 
Silty Mudstone 
Thickness  Variable; 1 cm to 
several meters 
Variable; 1 
cm to 
several 
meters 
10 cm to 
several meters 
Variable; 1 cm 
to several 
meters 
Variable; 1 cm to 
several meters 
Sedimentary 
Structures 
 
Gypsum occurs 
as massive beds 
or interbedded 
with mudstones; 
mudstones are 
often ripple 
cross-bedded to 
planar laminated. 
Scour and fill 
common 
Tufa 
mounds and 
stromatolites 
Massive to 
fining upwards; 
sandstone 
planar bedded 
to ripple cross-
bedded; scour 
and fill 
common 
Massive to 
fining upwards; 
planar bedded 
to ripple cross-
bedded; scour 
and fill common 
Ripples, raindrop 
impressions, 
mudcracks, 
animal tracks; 
soft sediment 
deformation 
structures 
Stratigraphic 
Distribution  
Gypsum beds 
occur mainly 
within the lower 
sections; 
mudstone occurs 
throughout 
Limestone 
beds are 
limited to 
the Barnyard 
Member 
Conglomerates 
underlie, 
interfinger, and 
partially overlie 
the other 
lithofacies; 
sandstone occur 
throughout 
Sandstone and 
siltstone occur 
throughout 
Limited to a few 
outcrops in 
Coffin Canyon 
Member; prolific 
in Barnyard 
Member; often 
found within a 
sedimentary 
cycle of 
limestone 
Paleontology 
 
No fossils Gastropods, 
bivalves, 
ostracods, 
charophytes, 
and 
stromatolites 
No fossils No fossils Animal tracks 
and other trace 
fossils 
Mineralogy 
 
Evaporites are 
100% gypsum. 
Mudstone 
consists of 
feldspar, quartz, 
mica, and clay 
cemented with 
sparry calcite 
Calcite and 
quartz; 
much of the 
limestone 
beds have 
been 
silicified; 
abundant 
coated 
grains and 
intraclasts 
Conglomerate 
is either felsite 
or quartzite-
limestone rich; 
sandstone 40-
90% feldspars 
and quartz with 
minor micas, 
clays, and rock 
fragments 
Quartz/feldspars 
40-90% with 
minor micas, 
clays, and rock 
fragments 
Quartz/feldspars 
20-30%; clays 5-
10%; calcite and 
dolomite 
percentages 
similar from 20-
70% of rock 
mineralogy 
Lithologies Mudstone, 
Gypsum 
Packstone, 
Tufa, and 
Stromatolite 
Limestone 
Conglomerate, 
Sandstone 
Sandstone Calcareous 
Dolomitic Silty 
Mudstone 
Depositional 
Environments 
Ephermeral 
Saline Lake 
Perennial 
Saline to 
Fresh Lake 
Alluvial Fan  Sandflat Mudflat  
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Mudstone-evaporite 
 Mudstone-evaporite lithofacies consist of interbedded 1 cm to several meter-thick 
gypsum and mudstone beds and occasional thick meter-scale pure gypsum beds (Figure 
5A, B). The mudstone-evaporite lithofacies is composed of the lithologies: mudstone and 
gypsum (Table 2). Interbedded gypsum and mudstone beds are mainly limited to the 
Coffin Canyon Member. Individual beds of gypsum and mudstone occur within the 
Barnyard Member; however, they are a minor component of the member.  
 
Limestone 
 Limestone lithofacies is variable from 1 cm to several meter thick beds. It is 
composed of the lithologies: calcareous-dolomitic silty mudstone, skeletal packstone, 
tuffaceous limestone, and stromatolitic limestone (Table 2). Limestone deposits occur 
throughout the Barnyard Member with about 10 of the limestone beds containing tufa 
mounds and stromatolites. XRD mineralogy indicates that the carbonate limestone is 
composed of 70-100% calcite with the remaining mineralogy as quartz. 
 
Conglomerate-Sandstone 
 Conglomerate-sandstone lithofacies is variable from 10 cm to several meters in 
bed thickness. It is composed of the lithologies: conglomerates and sandstone. 
Conglomerate-sandstone underlie, interfinger, and partially overlie the other lithofacies. 
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Sandstone-Siltstone 
 Sandstone-siltstone lithofacies is variable from 1 cm to several meters in bed 
thickness. Beds are massive to fining upwards with planar bedded to ripple cross-bedded. 
Scour and fill structures are common. Sandstone-siltstone is composed of the lithologies: 
sandstone and siltstone. Conglomerate-sandstone underlie, interfinger, and partially 
overlie the other lithofacies. 
 
Carbonate-rich Silty Mudstone 
 Carbonate-rich silty mudstone is variable from 1 cm to several meters in bed 
thickness. Carbonate-rich silty mudstone is limited to only a few outcrops within the 
Coffin Canyon Member, but is the dominant lithofacies within the Barnyard Member 
often preserving ripples, raindrop impressions, mudcracks, animal tracks, and soft 
sediment deformation structures. Carbonate-rich silty mudstone is often found within a 
sedimentary cycle of limestone.  
  
Isotopes 
 Limestone, mudstone-evaporite, and carbonate-rich silty mudstone lithofacies 
were sampled for isotopic analysis, their distribution plotted in Figure 19. Oxygen 
isotopes range from -4.58 to -14.38‰ PDB with most points around the -10.00‰ range. 
δ 13C range from -6.73 to 2.35‰ PDB with most points around the -1.00‰ range.  
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Figure 19. Plot of isotope samples taken from the Barnyard Member with carbon and oxygen plotted against stratigraphic position.  
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Discussion 
Paleoenvironmental Interpretation of Facies 
 The Copper Canyon Formation lithologies and lithofacies represent a sequence of 
interrelated depositional subenvironments; each subject to a distinctive set of 
hydrological, biological, and sedimentological processes. These depositional 
environments are based on subenvironment categories used by Hardie et al. (1978) for 
modern saline lake basins. The Copper Canyon Formation depositional environments are: 
alluvial fan, sandflat, mudflat, ephermeral-saline lake (saline mudflat and salt pan), and 
perennial fresh to saline lake (Table 4). Figure 20 shows three schematic block diagrams 
of the depositional environment, generalized facies relationships, and lithofacies 
associations envisaged for the Copper Canyon Formation from an early initial stage, a 
middle stage, and a late stage. In addition, Figure 20 shows the vertical lithofacies 
association for each of the early, middle, and late Copper Canyon lake models. The 
Copper Canyon Formation depositional environments are discussed in detail below with 
a description and interpretation of the characteristic features of each. 
 
Depositional Environments and Lithofacies Association 
 The five lithofacies of the Copper Canyon Formation define a lithofacies 
association in vertical succession that consists of conglomerate-sandstone at the base, 
overlain in turn by sandstone-silstone, mudstone-evaporite, carbonate-rich silty 
mudstone, and limestone (Figure 20). The lithofacies associations can be divided into 
three lateral lithofacies that reflect a deepening upward succession: an early initial stage 
of the Copper Canyon Formation deposits consisting of conglomerate-sandstone overlain 
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by sandstone-siltstone lithofacies; a middle stage consisting of conglomerate-sandstone 
overlain in turn by sandstone-siltstone and mudstone-evaporite lithofacies; and a late 
stage consisiting of conglomerate-sandstone overlain in turn by sandstone-siltstone, 
mudstone-evaporite, carbonate-rich silty mudstone, and limestone lithofacies  (Figure 
20).  
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 Table 4. Depositional environments of the Copper Canyon Formation. 
DEPOSITIONAL ENVIRONMENTS
CHARACTERISTICS Alluvial Fan Sandflat Mudflat Ephermeral 
Saline Lake 
Perennial 
Fresh to 
Saline Lake 
Sedimentary 
Structures 
And Textures 
 
Massive; 
poorly sorted; 
angular to 
subangular 
clasts usually 
clast supported 
Poorly sorted; 
angular to 
subangular 
clasts; ripples, 
cross-
bedding, and 
scour-and-fill 
deposits 
common 
Preserves 
animal tracks, 
mudcracks, 
ripples, and 
raindrop 
impressions; 
soft sediment 
deformation 
and scour and 
fill structures 
common 
Interbedded 
sequences of 
mudstone and 
gypsum; usually 
finely laminated 
with gypsum 
beds up to 20cm 
thick 
Carbonate 
limestone: 
packstone, 
tufa and, 
stromatolite 
limestones 
Included Lithofacies 
 
 
Conglomerate-
Sandstone  
Sandstone-
Siltstone 
Mudstone- 
Evaporite and 
Carbonate-
Rich Silty 
Mudstone  
Mudstone- 
Evaporite  
Limestone 
interbedded 
with 
Carbonate-
Rich Silty 
Mudstone 
Spatial Distribution  Underlie, 
interfinger, 
and partially 
overlie the 
other 
lithologies 
Similar and 
same source as 
conglomerate, 
but was 
deposited 
adjacent to the 
alluvial fan 
Fringes the 
ephemeral and 
perennial 
saline lake 
adjacent to 
sandflat 
Consists of 
saline mudflat 
and salt pan 
lake  
Carbonate 
limestone 
beds limited 
to Barnyard 
Member; 
topographic 
low occupied 
by perennial 
salt lake 
Contacts and 
Associations 
Interfinger and 
grade laterally 
into sandflat 
and mudflat  
Fringe the toe 
of the alluvial 
fan; grades 
laterally into 
mudflat 
Interfingers 
and grades 
into ephemeral 
and perennial 
saline lake 
Interfingers 
with mudflat  
Interfingers 
with mudflat 
Depositional 
Environment 
Interpretation 
 
Alluvial fan 
deposits from 
uplifted 
mountains 
typical of 
block-faulting 
and rifting 
related 
tectonics 
Represents 
fluvial 
deposits 
adjacent to 
alluvial fans;  
deposited as 
sheet wash 
material 
Low gradient 
playa fed by 
alluvial fans 
and fringing 
saline lake 
Evaporative 
saline lake 
fringed by 
mudflat and 
alluvial fans 
Perennial 
saline lake 
recharged by 
springs 
 
 
 
  
 116 
 
 
 
Figure 20. Three schematic block diagrams of the depositional environment generalized 
facies relationships, and lithofacies associations envisaged for the Copper Canyon 
Formation. (A), Vertical lithofacies associations for each lateral lithofacies. (B), Early 
initial stage of the Copper Canyon Formation deposits. (C), Middle stage of the Copper 
Canyon Formation deposits. (D), Late stage of the Copper Canyon Formation deposits. 
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Alluvial Fan Depositional Environment 
 The conglomerate-sandstone lithofacies was deposited in the alluvial fan 
depositional environment (Figure 20; Tables 2, 3). The conglomerate is coarse-grained, 
angular to subangular and poorly sorted.  Fining-upward sequences are well developed 
and reverse graded beds are common. Downslope alluvial fan deposits grade basinward 
from conglomerate to coarse-grained sandstone radiating out from the mountain front on 
each side of the Copper Canyon basin (Figure 3). A local source is suggested by angular 
to subrounded clasts and several reversed graded beds (Figure 6) (Figure 1). Reverse 
graded conglomerate deposits also indicate saturated debris from steep local sources 
(Figure 6D). Many clasts can be traced either to: the Mormon Point Turtleback, which 
consists of metasedimentary rocks (Drewes, 1963); the older volcanics, as referred to by 
Drewes (1963), representing a suite of intrusive volcanics that were uplifted prior to the 
deposition of the Copper Canyon Formation and underlie and crop out on the northern 
boundary of Coffin Canyon (Figure 1, 2) (Drewes, 1963; Otton, 1977); or quartzite and 
limestone clasts, and other carbonates, such as dolostone, eroded from the uplifting Black 
Mountains (Figure 1). Limestone clast provenance is probably from the Ordovician 
Antelope Valley Limestone of the Pogonip Group, which underlies, and forms part of the 
bedrock and surrounding mountains of the Black Mountains (Nolan et al., 1956; Otton, 
1977). Quartzite clasts probably were derived from the Neoprotozoic Stirling Quartzite 
and the dolostone clasts from the Noonday Dolomite, both crop out in the surrounding 
Black Mountains (Drewes, 1963; Wertz, 1977, 1982).  
 The conglomerate-sandstone lithofacies is interpreted as an alluvial fan 
environment where episodic sheetflood sedimentation was the dominant process (e.g. 
Hunt and Mabey, 1966; Hardie et al., 1978). Conglomerates were deposited in the 
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proximal to medial facies of alluvial fans fringing the Copper Canyon Lake. Fluctuating 
lake levels and fluctuating inputs of conglomerates-sandstone (Greenwater Conglomerate 
Member) into the basin explain the interfingering and cyclic lithofacies pattern with other 
litholofacies (Figure 1, 2, 20).    
 
Sandflat Depositional Environment 
 The sandstone-siltstone lithofacies was deposited in the sandflat depositional 
environment (Figure 20; Tables 2, 3). Basin margin sandstones are massive, whereas 
sandstone-siltstone that reached the mudflat show stratification and interbedding with 
other lithofacies (Figure 20C, D). The sandstone consists of coarse-grained, angular to 
subangular sandstone and is poorly sorted. Fining-upward sequences are well developed. 
Sedimentary structures are variable from massive to planar to cross-bedded. Scour and 
fill deposits are common.  
 Sandstone represents fluvial deposits, deposited in the sandflat to mudflat 
depositional environments as sheetwash sediments (Figure 20C). All of the coarser 
sediment in an alluvial fan is dropped on the fan itself, but sand-size material may 
accumulate in the sandflat, which fringe the toe of the alluvial fan (e.g., Hardie et al., 
1978; Eugster, 1980). Deposition by each storm event may range from a package of 
laminated sand tens of centimeters thick to a thin sheet one or two centimeters thick. The 
sandflat depositional environment is dominated by terrigenous clastic sediments 
including detrital carbonate.  
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Mudflat Depositional Environment 
 The carbonate-rich silty mudstone lithofacies was deposited in the mudflat 
depositional environment (Figure 20; Tables 2, 3) and consists of fine-grained silt beds 
alternating with mudstone beds suggesting intermittent storm deposition. Load casts and 
soft sediment deformation are common. Many of the bed surfaces have animal tracks, 
raindrop impressions, and mudcracks indicating a regressive, subaerial exposure phase of 
the lake margin (Figure 13). During wet periods, sheetwash from storm events flooded 
the mudflat. Planar bedding, ripple marks, and soft sediment deformation structures are 
evidence of storm events. 
 The mudflat depositional environment is the fringing, subaerially exposed plain of 
fine-grained sediment that: in the case of the ephermeral-saline lake depositional 
environment (Coffin Canyon Member), the mudflat fringes the saline lake (Figure 20B-
C; Table 4); and in the case of the perennial fresh to saline lake depositional environment 
(Barnyard Member), the mudflat fringes the perennial lake (Figure 13-15, 20D; Table 4).  
 Mudflats are typical of closed-basin playa lakes, where gradients can be 
extremely gentle and sedimentary structures are well preserved (Eugster, 1980). The 
Copper Canyon Formation mudflat would fall within the definitions of “playa” for the 
ephermeral-saline lake where 75% of the time the playa remains dry and is associated 
with evaporites (Coffin Canyon Member). The “playa lake” definition includes the 
perennial fresh to saline lake and associated playa flooded by numerous cycles of 
emergent and submergent cycles (Rosen, 1994; Briere, 2000; Arche, 2007). Two cycles 
can be recognized within the mudflat depositonal environment: sheetwash deposition and 
post-sheetwash deposition. Sheetwash is a frequent event within a playa lake system 
(e.g., Hardie et al., 1978; Surdam and Stanley, 1979). 
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Sheetwash Deposition 
 Sheetwash depositon within the mudflat depositonal environment is recorded as 
planar bedding, ripple marks, and soft sediment deformation structures (Figures 13, 15). 
These differences are related to sediment load and the variable velocity of surface water 
flowing onto the mudflat during episodic storm events.  
 A typical sequence deposited on the mudflat consists of an upward set of beds: 
planar laminated sandstone and siltstone, ripple cross-laminated siltstone (showing 
undulatory and linguoid ripple marks on bedding surfaces), and finally symmetrical or 
wave ripple cross-lamination and bedding features. This sequence is explained as 
follows: 1) Intial sheetwash deposits planar laminated (upper flow regime) sandstone-
siltstone deposits (Figure 8, 11); 2) stream flow deepens and or velocity decreases 
depositing undulatory and lingoid asymmetric-current ripples (lower flow regime) 
(Figure 15A); 3) further decrease in flow velocity forms sinuous asymmetric current 
ripples and linguoid ripples (Figure 15B-C); and finally symmetrical wave ripples are 
deposited in standing pools or in the lake as the mudflat becomes flooded (Figure 15E). 
Several carbonate-rich silty mudstone beds also contain cross-lamination indicative of 
tranquil flow (lower flow regime) deposition (Figure 12B). 
 Soft sediment deformation (load structures) are common within the carbonate-rich 
silty mudstone beds (Figure 13). Load structures occur both as load casts and flame 
structures (Owen, 2003) (Figure 13). These structures form in response to unstable 
density contrasts (density loading) or lateral variations in load (uneven loading) when 
sediment becomes liquidized at the time of deposition or shortly after, during the first 
stages of the sediments consolidation (e.g., Reineck and Singh, 1980; Owen, 2003; 
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Boggs, 2006). They may also form as a result of earthquakes (e.g. Alfaro et al., 1997; 
Rodrı ́guez-Pascua et al., 2000). In this case, soft sediment deformation indicates denser 
material, like sand, transported onto the mudflat during sheetwash storm events. 
 
Post-Sheetwash Deposition 
 Post-sheetwash deposition record a regressive, subaerial exposure phase of the 
lake margin. Many of the carbonate-rich silty mudstone bed surfaces exhibit animal 
tracks, raindrop impressions, and mudcracks (Figure 14-15; Appendix 4). Preservation of 
these features indicates: subaerial exposure of the mudflat environment that is saturated 
with water; followed by a period of drying/evaporation; and subsequent burial by 
overlying sediments (sheetwash deposits).  
 Animal tracks and trackways occur almost exclusively within the upper two-thirds 
of the formation within the Barnyard Member (Figure 4). There are several bird tracks 
and one camel track located in thin carbonate-rich silty mudstone lithofacies of the Coffin 
Canyon Member, but they are extremely rare, probably due to hypersaline lake water 
(Figure 4). Limestone beds occur in the upper two-thirds of the formation (Barnyard 
Member) and are interpreted as spring deposits. Animal activity is coincidental with the 
appearance and distribution of the limestone spring deposits. Animals were attracted to 
the lake springs leaving their tracks on the mudflat (refer to Chapter 4  for description of 
springs deposits and related animal track distribution). Appendix 4 presents line drawings 
and photos of the tracks and trackways. Refer to Nyborg (1998) for review of the 
morphological features of tracks of the Copper Canyon Formation.  
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 Raindrop impressions are scarce but do occur on several bedding planes (Figure 
14A, B). They are a few millimeters in depth and less than 1 centimeter in diameter 
occurring as small craters or as small raised surfaces. Their preservation is consistent 
with rapid deposition of mudstone/siltstone by sheetwash, probably within hours to days 
of raindrop formation.  
 Mudcracks are numerous within the carbonate-rich silty mudstone lithofacies 
(Figure 14C, D). Mudcracks (desiccation cracks) are secondary sedimentary structures 
formed as muddy sediment dries and contracts (dessicates) via a loss in tensile strength 
(Figure 14C, D) (Allen, 1982; Stow, 2005). In order for mudcracks to form subaerial 
exposure of the mudflat environment followed by a period of drying/evaporation and 
subsequent burial by overlying sediments is needed. 
 
Origin of Mudflat Carbonates   
 The mudflat, especially within the upper two-thirds Barnyard Member, consists 
mainly of the carbonate-rich silty mudstone lithofacies. Mineralogy of this lithofacies is 
varied (Appendix 2). The variability probably arises due to sheetwash flow bringing 
detritus in from the surrounding alluvial fans and reworking of sediments. This is 
apparent in several of the thin sections of this lithofacies (Figure 11, 12). Minerals consist 
of quartz, calcite, feldspars, and clays with minor amounts of other rock fragments of 
mixed mineralogy (Figure 11, 12; Appendix 2). Calcite and dolomite percentages are 
similar with combined amounts ranging from 20-70% of the total rock mineralogy.  
 Calcite and dolomite appear to be of two origins, either precipitated as primary 
carbonates within the lake waters (e.g., rhombic grains of dolomite in thin section) 
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(Figure 11C, 12C), and/or transported in as interclastic detrital grains from a provenance 
composed of significant amounts of dolomite or reworked as intraclastic detritus from 
surrounding mudflats (e.g., angular clasts in thin section) (Figure 11C, 12C). Eugster and 
Surdam (1973) and Eugster and Hardie (1975) have suggested that much of the dolomite 
found in the oil shales of the Green River Formation was transported into the lake by 
sheetwash from a as intraclastic detritus originating on the mudflat where dolomitization 
occurred due to capillary draw and hydroscopic pumping.  Indicators of reworking in the 
Copper Canyon Formation include: the presence of intraclasts in the limestone (Figure 
16, 17) and current structures in the carbonate-rich silty mudstone lithofacies (Figure 11, 
12). 
 
Ephermeral-Saline Lake Depositional Envrironment 
 The mudstone-evaporite lithofacies was deposited in the ephermeral-saline lake 
depositonal environment (Figure 20; Tables 2, 3). These deposits are mainly confined to 
outcrops of the Coffin Canyon Member (Figure 1, 2, 4).  
 Deposition of mudstone-evaporite lithofacies in the ephermeral-saline lake 
depositional environment took place mainly as ‘settle-out’ of silt-clay sized grains from 
suspension. This occurred when the turbulence of the storm-event sheetwash subsided 
leaving a lamina or thin bed of mud as a storm layer over the lake bottom as indicated by 
alternating cycles of mudstone and gypsum beds (Figure 5A).  
 The topographic low of the basin during this time was occupied by an 
ephermeral-saline lake that consisted of a saline mudflat and salt-pan lake. The 
succession of these rocks consists almost entirely of interbedded gypsum and mudstone 
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cycles (Figure 5A, B). The conditions that must be met for a saline lake to form are (1) 
evaporation must exceed inflow, and (2) the basin should be hydrologically closed, or at 
the least, outflow must be very restricted (Hardie, et al., 1978; Eugster, 1980). Inflow into 
the basin was at this time ephermeral or at least very limited with the basin occupied by a 
salt pan and saline mudflat. Inflow was largely controlled by storm-event sheetwash from 
the surrounding mountains. The evaporite mineral gypsum accumulated as bedded 
deposits (Figure 5A-B, 9). The cycles of bedded gypsum and mudstone are due to 
periodic, possibly seasonal, cycles of flood events (mudstone) followed by evaporative 
periods (gypsum).  
 Evaporative concentration of lake waters resulted in precipitation of gypsum in 
the central salt pan of the lake and calcite within the saline mudflat. Calcite percentages 
are 10-50%. Evaporative concentration increases the solute load and eventually leads to 
mineral precipitation (Eugster, 1980). Calcite is generally the first to precipitate in the 
surronding mudflats and or from evaporating hypersaline lake water (Hardie, et al., 
1978). Upon increased evaporative concentration waters next become saturated with 
respect to gypsum resulting in gypsum saturation and subsequent precipitation in the 
central salt pan (Magee, 1991).  
 The absence of halite and other highly soluble salts indicates that the ephermeral 
saline lake either: 1) never reached saturation with respect to halite or other highly 
soluble salts; 2) halite was re-dissolved; or 3) the lake overflowed and salts were flushed 
out of the lake system. The next minerals to precipitate after gypsum are quite soluble 
sodium and potassium salts that are precipitated only after the solute load is increased 
manifold (Hardie, et al., 1978). There are a few scattered carbonate-rich silty mudstone 
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beds within the ephermeral-saline lake deposits (Coffin Canyon Member) that preserve 
mudflat features such as animal tracks; however, the vast majority of deposits consist of 
interbedded gypsum and carbonate-rich mudstone. 
 Except for the few carbonate-rich silty mudstone beds, there is little to no signs of 
subaerial exposure indicating that the lake (during gypsum precipitation) never 
completely dried up, or evaporated to the point of sodium or potassium salt precipitation. 
The wavy bedding, of the mudstone-evaporite, is most likely a post-depositional structure 
related to slight flowage of the gypsum (Hardie et al., 1978).   
 
Perennial Fresh to Saline Lake Depositional Environment 
 The carbonate-rich silty mudstone and limestone lithofacies were deposited in the 
perennial fresh to saline lake (Figure 20; Table 2). The carbonate-rich silty mudstone 
lithofacies outcrops mainly within the upper-two-thirds of the formation within the 
Barnyard Member; however, there are a few scattered beds within the lower-third Coffin 
Canyon Member. Limestone beds are found exclusively in outcrops in the upper two-
thirds Barnyard Member. 
 The topographic low of the basin during this time was occupied by a perennial, 
fresh to saline lake. A perennial fresh to saline lake is a surface body of water that 
persists for many years (tens, hundreds or even thousands) without drying up (Hardie et 
al., 1978). Such lakes require a substantial perennial inflow, normally a large river (e.g., 
Jordan River flows into the Dead Sea) (Hardie et al., 1978). However, there is no 
indication of a large river inflow system into the Copper Canyon lake. The source of 
water for the Copper Canyon lake was primarily from groundwater that brought 
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freshwater into the lake. Evidence for this comes from limestone beds with tufa mounds 
in the Barnyard Member (Figure 4).   
 Considerable amounts of dissolved solutes can be provided by perennial springs 
(e.g., the many fault-line brine springs around the Dead Sea; Bentor, 1961) while an 
occasional storm can bring in clastic sediment from all parts of the drainage basin as 
ephemeral-sheetwash inflow. In the Copper Canyon Formation, limestone occur as tufa 
mounds, beds, coated grains, and pore-filling cements at spring orifices and along 
outflow channels (e.g., Hunt et al. 1966; Slack, 1967; Rosen et al., 2004; for discussions 
of similar structures). Springs, which are surface outlets of groundwater, can reach 
supersaturation with alkaline earth carbonates, particularly low-Mg calcite, by 
‘degassing’ CO2, from the spring water on encountering the atmosphere, mixing of 
inflow spring waters with lake waters, or by evaporative concentration of the waters as 
they flow on the surface. This accounts for the many limestone beds and tufa mounds in 
the Barnyard Member.  
 Tufa mounds indicate direct evidence of calcium-bicarbonate-rich groundwater 
emanating from groundwater seepage into a subaqueous lake and precipitating calcite 
directly around the tufa mound vent (Figure 16, 17). Rosen et al. (2004) published on 
similar tufa mounds from Big Soda Lake, Nevada, that were >3 m tall and 5 m in 
diameter that formed from direct groundwater seepage in subaqueous water less than 4 m 
depth. These tufa mounds formed from precipitation of calcium carbonate, both from 
biologic and abioitic chemical mechanisms (Rosen et al., 2004).  Mixing of calcium-rich 
groundwater with bicarbonate lake water formed the mound-like structures rapidly at a 
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rate of > 30 mm/yr (Rosen et al., 2004). The tufa mounds from Big Soda Lake serve as a 
modern analog for the tufa mounds in the ancient Copper Canyon lake.  
 Skeletal-packstone limestone beds contain a high percentage of gastropods, 
bivalves, and ostracods. The invertebrates have been identified to one genus of gastropod 
and bivalve, and to ten genera of ostracods. Gastropods have been identified to the genus 
level Physa (personal communication, Carmen Vazquez, University of Mexico City, 
Mexico) (Figure 5D, 16). Physa occurs in modern shallow, freshwater lakes that are well 
oxygenated and associated with aquatic vegetation (Smith, 2001). Bivalves are the least 
abundant invertebrate, with only one genus identified, Corbicula (personal 
communication, Carmen Vazquez, University of Mexico City, Mexico). Corbicula is a 
modern freshwater genus that requires well-oxygenated waters (McMahon, 2001). 
Ostracods are the most abundant invertebrate found in the limestone. Ostracods from 
eight stratigraphically spaced samples were identified by PEMEX, Mexico City, Mexico.  
Eucypris and Darwinula are the most common ostracods and are found in nearly all of 
the samples (Figure 5D, 16-17). Modern Eucypris and Darwinula are found exclusively 
in shallow freshwater ponds and lakes (Bate et al., 1982). In addition, the ostracod genera 
Heterocypris, Baturinella, Afrocypris, Cypris, Stenocypris, Cyclocypris, Cypridopsis, and 
Afrocypris were also identified. These genera are all found within modern freshwater 
environments (Bate et al., 1982). 
 The invertebrates, charophytes, reeds, palm fossils, and tufa mounds indicate a 
vegetated freshwater environment with springs. Times when the lake was fed by 
freshwater springs allowed a more abundant and diverse fauna/flora to thrive. 
Distribution and abundance of animal activity increased in the perennial lake depositional 
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environment due to the freshwater springs and associated vegetation (Figure 15E; 
Appendix 4). Track distribution and abundance are tied to freshwater springs (refer to 
Chapter 3).  Animal activity was preserved in the tracks they left in the fringing mudflat 
of the lake. 
  Stromatolites grade laterally into calcareous-dolomitic silty mudstone beds that 
represent the mudflat environment (Figure 18). Stromatolites occur within a sequence of 
stromatolites, thin mudstone deposits, and then limestone deposits (Figure 18); indicating 
several cycles of lake expansions and contractions.  
 
Isotopes 
 About one-hundred rock samples from the carbonate-rich silty mudstone and 
limestone beds in the upper two-thirds (from approximately 600 m to 1800 m) of the 
Copper Canyon Formation (Barnyard Member) were collected for isotopic analysis 
(Figure 19, Appendix 2).  Isotopes show a range of δ18O values from -4.58 to -14.38‰ 
PDB. These values are consistent with meteoric waters (Hoefs, 1980, Fig. 10).  
 Carbon isotopes, ranging from -6.73 to 2.35‰ PDB, fall within the freshwater 
range (Hoefs, 1980) with a general trend toward heavier isotopes near the top of the 
formation (Figure 19, Appendix 2). Hoefs (1980) indicates freshwater carbonates range 
from 5.00 to -15.00‰ δ 13C. The top of the formation (approximately 1650 to 1780 m 
from the base, see Figure 19) is characterized by cycles of alternating skeletal packstone 
and mudstone lithologies (Figure 4; Appendix 1). This indicates that near the top, and 
toward the end of deposition of the Copper Canyon Formation, the lake had a generally 
open hydrology (Carroll and Bohacs, 1999).  It was no longer surrounded by a large 
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mudflat, but appears to have been more controlled by seasonal wet and dry cycles. 13C-
enriched carbonates near the top of the formation can be explained by plant material 
associated with the limestone beds. Reduction of CO2, through plant metabolism, results 
in 13C enrichment in carbonates (Nissenbaum et al., 1988).  
 Carbon and oxygen isotopes are quite variable and do not show a covariant trend 
indicating the lake was open and fresh during the Barnyard Member deposition phase of 
the lake (see Talbot, 1990) (Figure 19). No isotope data were acquired for the lower 
Coffin Canyon Member, which contains most of the evaporite gypsum beds (Figure 1, 2, 
4). 
 It is important to also note, that the carbon and oxygen isotopes show a clear fresh 
water signature, which is consistant with a fresh water interpretation suggested by the 
biota and calcite dominated mineralogy for the carbonates. Early to late post-burial 
diagenesis would also be consistant with alterization by fresh meteoric water. 
 
Comparison to other Basin Fill Deposits of Death Valley 
 Within the Death Valley area, there are three other Cenozoic lacustrine basin fill 
deposits of similar character. These are the Artist Drive, Funeral, and Furnace Creek 
formations (refer to Chapter 2 for review of these formations ages with the Copper 
Canyon Formation). These basin fill stratigraphic successions are a mixed assemblage of 
sedimentary (fluvial, alluvial, and lacustrine) and volcanic rocks whose deposition was 
closely associated with movement along the Furnace Creek and Death Valley faults. Each 
of these basin fills has considerable individuality in thickness, lithologies, and 
provenance of clasts (Reynolds, 1969; Cemen, 1983; Wright et al., 1991; Wright et al., 
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1999; Fridrich et al., 2000). Therefore, each of these formations represent separate 
mappable units with locally derived deposits.  
Chapter 2 presented evidence that the age of the Copper Canyon Formation is 
nearly coeval with the Furnace Creek Formation, but younger than the Artist Drive 
Formation and overlaps the base of the Funeral Formation. However, many of the ages 
assigned to these basin fill deposits are potassium argon dates obtained several years ago 
and sampling is erratic, therefore, there is a large overlap in consensus by other workers 
as to the exact age range of these formations (refer to Chapter 2 for review). Additional 
radiometric dates and paleomagnetic analyses are needed for the other Cenozoic basin fill 
deposits of Death Valley to constrain exact chronostratigraphic placement of these 
deposits. 
The Artist Drive Formation consists of fluvial and lacustrine deposits with fluvial 
deposits dominating (Wright et al., 1999). The formation crops out in two distinct areas 
in Death Valley at the reference section in the Ryan-Billie Mine area about 30 Km to the 
northeast of the Copper Canyon Formation and in the Artist Drive Block in the Black 
Mountains about 20 km to the north of Copper Canyon (Cemen et al., 1982; Cemen et al., 
1985; Cemen and Wright, 1988; Wright et al., 1999).  
The Furnace Creek Formation consists of alluvial fan, lacustrine, and volcanic 
deposits with lacustrine deposits dominating (McAllister 1970; Wright et al., 1999; Blair 
and Reynolds, 1999). The main formation outcrops are in the vicinity of Furnace Creek 
Wash about 30 km to the north of Copper Canyon Formation.  
The Funeral Formation consists of conglomerates (fanglomerates) with a large 
proportion of volcanic clasts (Wright et al., 1999). The Funeral Formation has outcrops in 
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various locations throughout the Northern Death Valley/Furnace Creek fault region that 
are time transgressive with variable thicknesses (Knott et al., 2005).  
 
Conclusions 
The Copper Canyon Formation depositional history can be roughly divided into 
three parts: 1) in the early tectonic basin, alluvial fans deposited conglomerate and 
sandstone (Greenwater Conglomerates) into the basin as a low relief, ephermeral, saline 
lake developed; 2) the first lacustrine stage consisted of a hypersaline-evaporative lake 
with a sulfate dominated chemistry that favored gypsum deposition (Coffin Canyon 
Member); and 3) a later lacustrine stage dominated by a perennial fresh to saline lake fed 
by springs, with mudflat deposits (Barnyard Member). Interbedded in the lower third of 
the formation are three basalt flows (Figure 1, 2, 4). Near the top of the formation, 
carbonate-rich silty mudstone and limestone beds are replaced with sequences of 
limestone-mudstone beds (Figure 4). Animal tracks are mainly confined to the upper two-
thirds of the Copper Canyon Formation (Barnyard Member) reflecting animal activity 
being coincidental with the appearance and distribution of the limestone spring deposits 
and a switch to an open hydrographic basin (refer to Chapter 3). The Copper Canyon 
Formation is a distinct formation with diverse local deposits preserving a record of a 
tectonic basin-fill deposit. 
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CHAPTER 4 
SPRING DEPOSITS AND VERTEBRATE TRACK DISTRIBUTION IN 
THE COPPER CANYON FORMATION, DEATH VALLEY, 
CALIFORNIA 
 
Abstract 
The Copper Canyon Formation represents a thick sequence of approximately 1800 m of 
conglomerates, basalt flows, and lacustrine deposits. In the Copper Canyon Formation 
about 100 limestone packstone beds with gastropods, bivalves, ostracods, and 
charophytes have been measured. In addition, about 10 of the limestone beds contain tufa 
mounds and stromatolites, suggesting active spring deposition. Many of the tufa mounds 
have a central micritic vent surrounded by porous limestone suggesting active, lake-
groundwater (in the form of springs and seeps). The tufa mounds formed when fresh, 
calcium and bicarbonate rich spring/seep waters mixed with calcium-sulfate rich, lake 
waters. Tufa mound internal structure consists of porous and crystalline (thinolitic) 
fabrics often associated with aquatic vegetation. Stable isotope data (δ 18O range from -
10.15 to -10.96‰ PDB) from the tufa mounds indicate a strong meteoric (derived from 
the low-temperature weathering reactions between bedrock and rainwater) water origin. 
Times when the lake was recharged by spring water allowed a more abundant and diverse 
fauna/flora population to thrive. Analysis of units and stratigraphic sections from lake 
margin to center indicate the tufa mounds formed around the margin of the ancient 
Copper Canyon lake. The formation is significant because it preserves mudflat playa 
features including highly abundant and diverse mammal and bird tracks. Animal activity 
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coincides with the appearance and distribution of the limestone spring deposits, 
suggesting a cause and effect.  
 
Introduction 
 The Copper Canyon Formation crops out in an area approximately 13 km2, in 
Copper and Coffin canyons on the west side of the Black Mountains in southern Death 
Valley National Park, California. The formation represents approximately 1800 m of 
conglomerates, basalt flows, and lacustrine deposits. The Copper Canyon Formation is 
suddivided into three members; the Greenwater Conglomerate, Coffin Canyon, and 
Barnyard and three basalt flows; Coffin Peak, Gyp Hill, and Carnivore Ridge based on 
stratigraphic and lithologic characteristics (refer to Chapter 2 for complete descriptions of 
the Copper Canyon Formation members and basalt flows). Table 1 shows the divisions of 
the Copper Canyon Formation into members and flows as mapped in Figure 1. 
 
 
Table 1. Division of Copper Canyon Formation into members and basalt 
flows. Acronyms in parenthesis refer to map units (Figure 1). 
 
 
 
 
COPPER CANYON FORMATION 
MEMBERS BASALT FLOWS 
Greenwater Conglomerate (Tcg) Coffin Peak (Tbc) 
Coffin Canyon (Tcc) Gyp Hill (Tbg) 
Barnyard (Tcb) Carnivore Ridge (Tbr) 
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Figure 1. Geologic map of the Copper Canyon Formation deposits and associated geology. 
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 The Copper Canyon Formation consists of nine lithologies: conglomerate, 
sandstone, mudstone, gypsum, basalt/tuff, calcareous-dolomitic silty mudstone, skeletal 
packstone, tuffaceous limestone, and stromatolitic limestone; based upon their vertical 
sequential changes and lithologic characteristics. Within these deposits are sedimentary 
features that can be used to define mappable depositional environments. Hardie et al. 
(1978) introduced subenvironment division for modern saline lake basins; we use these 
divisions as defined by Hardie et al. (1978). The Copper Canyon Formation deposits 
consist of five depositional environments: alluvial fan, sandflat, mudflat, ephermeral-
saline lake (saline mudflat and salt pan), and perennial fresh to saline lake. 
 The lithologies and depositional environments of the Copper Canyon Formation 
are discussed in detail in Chapter 3 and will only be repeated briefly in this paper. The 
lithologies that include the spring deposits are: calcareous-dolomitic silty mudstone; 
skeletal packstone; tuffaceous limestone; and stromatolitic limestone. Limestone deposits 
are numerous within the Barnyard Member with about ten limestone beds containing tufa 
mounds and stromatolites. Tufa mounds range from five cm to several meters in diameter 
and height.  
Tracks and trackways of mammals and birds are found primarily within the upper 
two-thirds of the formation preserved within the calcareous-dolomitic silty mudstone 
beds of the Barnyard Member (Figure 1). A few tracks have been found in the lower 
section of the formation within the Coffin Canyon Member, but are rare. 
The Copper Canyon Formation is significant because: 1) the formation preserves 
one of the world’s most abundant and diverse fossil mammal and bird track records; and 
2) the Copper Canyon Formation was deposited during an important tectonic episode that 
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formed the present Death Valley and Black Mountains. The objectives of this paper are 
to: 1) explain the restricted stratigraphic occurrence of tracks within the Barnyard 
Member and 2) document the abundant freshwater limestone beds with a possible 
relationship to spring activity. 
 
Previous Work 
Copper Canyon Formation 
 Curry (1954) first used the term Copper Canyon Formation for conglomerate and 
lacustrine beds in Copper Canyon. He noted animal track localities, but gave no 
explanation for their distribution. Drewes (1963) produced a 1:62500 geologic map of the 
Funeral Peak Quadrangle that included the Copper Canyon Formation.  He subdivided 
the formation into a dominant conglomerate member and a subordinate siltstone and 
evaporite member. Drewes (1963) does not mention the occurrence of vertebrate tracks 
or any other sedimentary feature in his geologic descriptions. Furthermore, Drewes 
(1963) did not interpret the depositional environment beyond stating that the basin was 
tectonic and related to the extensional faulting and uplift of the Black Mountains. 
Scrivner (1984), in a master’s thesis and subsequently in a publication (Scrivner 
and Bottjer, 1986), conducted a morphological study of the Copper Canyon Formation 
mammal and bird tracks. He gave morphological descriptions of the tracks, describing 
several of the tracks/trackways and identifying potential track makers (to the genus level) 
(refer to Appendix 4), and postulated on the nature of the strata for preservation of the 
tracks and the depositional environment of the Copper Canyon Formation. This work 
focused mainly on the environmental conditions that were conducive to track 
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preservation. Scrivner and Bottjer (1986, p. 290) did state that the “Copper Canyon 
Formation is representative of deposition of fluvial-lacustrine sediments with a 
freshening upward trend from saline playa-lake to freshwater lake environments.” 
However, they did not correlate this freshening of the lake waters to springs nor did they 
relate the distribution of the animal activity to the freshening conditions of the lake. In 
addition, they do not correlate the limestone beds to spring deposits nor mention tufa 
mounds or stromatolites.  
 Twenty-six ichnospecies (to the genus level) of cat, camel, horse, mastodon, and 
bird tracks have been identified from over 60 localities (Curry, 1939, 1941; Scrivner and 
Bottjer, 1986; Nyborg, 1998; Nyborg and Santucci, 1999, 2000). The approximately 1800 
m section spans the lower Blancan North American Land Mammal Ages (NALMA) 
(Alroy, 2000; Lindsay et al., 2002; Woodburne, 2004) (refer to Chapter 2). The tracks are 
especially important because they represent a diverse fauna of large terrestrial mammals, 
of which many have no body counterparts in the fossil record. Previously, the distribution 
and abundance of the Copper Canyon Formation tracks were only broadly known 
because no other workers had looked at the entire formation in detail.  No previous 
studies have documented the occurrence of spring deposits nor linked those occurrences 
to the animal activities in the ancient Copper Canyon lake.  
 
Other Lacustrine deposits 
 Tufa, travertine, and stromatolites are frequently associated with lake deposits 
(Ford and Pedley, 1996). Many workers interpret tufa deposits primarily as freshwater 
calcium carbonate deposits rich in organic material and precipitated in cool-water springs 
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or lakes (Ford and Pedley, 1996; Pedley et al., 2003; Pentecost et al., 2003; Viles and 
Pentecost, 2007). In contrast, the term travertine is usually used for hard, crystalline 
deposits that lack organic material or invertebrates and formed mainly from hydrothermal 
waters (Ford and Pedley, 1996; Viles and Pentecost, 2007).  
 Precipitation of tufa is common in lacustrine systems and can result in tufa 
mounds such as those reported in Rosen et al., (2004) from Big Soda Lake, Nevada, or 
more commonly as tall narrow chimneys and larger domical mounds. Examples of these 
include: Lake Van in Turkey (Kempe et al., 1991); Mono Lake, Pyramid Lake, and 
Walker Lake in the western U.S. (Dunn, 1953; Scholl and Taft, 1964; Shearman et al., 
1989; Benson, 1994, 2004); and Lac Abbe, Djibouti (Fontes and Pouchan, 1975). Most of 
these tufa deposits developed near shorelines (Ford and Pedley, 1996).  
 Tufa precipitation is commonly due to degassing of CO2 from calcium-rich 
groundwater that produces supersaturation and subsequent precipitation of calcite 
(Kitano, 1962; Holland et al., 1964; Ford, 1989; Chafetz et al., 1991; Ford and Pedley, 
1996; Drysdale and Gillieson, 1997; Merz-Preiß and Riding, 1999; Pentecost, 2005).  In 
spring waters, the rate of CO2 degassing is highest where it is discharged at its vent 
(Herman and Lorah, 1987, 1988; Chafetz and Lawerence, 1994). The amount of water 
turbulence and agitation is highest at the vent, producing waters strongly supersaturated 
with respect to calcite, which leads to calcite precipitation around the vent (Jacobson and 
Usdowski, 1975; Usdowski et al., 1979; Herman and Lorah, 1988; Merz-Preiß and 
Riding, 1999; Arenas et al., 2007).  
 Stromatolites are accreted structures produced by the interactions of microbes and 
sediment (Riding, 2000; Awramik, 2006). The microorganisms trap and bind grains 
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together and/or precipitate calcium carbonate to form laminated mounds of limestone 
(e.g. Pentecost, 1978, 1987; Pedley, 1993; Pedley et al., 1996; Das and Mohanti, 1997; 
Merz-Preiß and Riding, 1999; Shiraishi et al., 2008). Within lacustrine environments, 
stromatolites are primarily indicators of shallow-water conditions in lake-margin settings 
(e.g. Link et al., 1978; Casanova, 1986; Icole, 1990; Kempe and Kazmierczak, 1990; 
Wattinne et al., 2003). 
 
Methods 
 A detailed stratigraphic section was measured from base to top of the Copper 
Canyon Formation noting lithologies, sedimentary features, tufa mounds, stromatolites, 
and animal tracks (Appendix 1). The section was drafted using aerial photographs 
(obtained from the USGS), Brunton compass, and Jacob’s staff with level for the 
approximate 1800 m thick outcrop. A 1:24,000 geologic map of the Copper Canyon 
Formation was produced from aerial photographs and field observations/measurements 
(Figure 1). 
 Rock samples were collected and labeled for XRD analysis, isotopes, and thin 
section petrography. Samples were slabbed prior to analysis. A microdrill was used for 
XRD mineralogy and isotope analysis to directly extract powder from the least weathered 
surface obtaining samples that would be most representative of outcrop lithology. Rock 
sample mineralogy was determined using a Siemens D- 500 X-ray diffractometer at a 2θ 
range of 6–48°, a 0.02° step size, 2 s dwell time. The 100% quartz peak was used for 
angular calibration. Mineral percentages were obtained using MDI Jade 8.0 software by 
calculating mineral peak heights using the RIR method (Appendix 2). Powdered bulk 
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samples were sent to the University of Michigan Stable Isotope Laboratory for analysis. 
The Michigan lab uses a Finnigan MAT 251 triple-collector gas source mass 
spectrometer coupled to a Finnigan Kiel automated preparation device to determine 
carbon and oxygen isotopes (Appendix 2). Thin sections of the representative rock 
lithologies were made to examine internal structures.  
 Sedimentary rock samples were collected from various intervals from the entire 
measured section for XRD mineralogy (Appendix 2). However, for isotopic analysis, 
only the upper two- thirds Barnyard Member, beginning at approximately 600 m, were 
sampled (Appendix 2).  
 
Results 
Geologic Setting 
 Outcrops of the Copper Canyon Formation are exposed within an approximately 
13 km2 drainage basin within Copper and Coffin canyons on the west side of the Black 
Mountains in southern Death Valley National Park, California between longitude 116° 
46’ 30” and 116° 42’ 30” and latitude 36° 7’ 00” and 36° 10’ 30”. (Figure 1).  A 1:24,000 
geologic map of the Copper Canyon Formation was prepared noting the geologic units of 
the formation both vertically and laterally and their contacts with the surrounding 
geology (Figure 1).  
 The formation is underlain by Precambrian metasedimentary rocks of the 
Mormon Point Turtleback to the south and lower Tertiary older volcanics (as reported by 
Drewes, 1963) to the north (Figure 1). It is overlain by conglomerates of the Pliocene 
Funeral Formation to the east (Figure 1). The Copper Canyon Formation is divided into 
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three members and three basalt flows based on their vertical, sequential changes and 
lithologic characteristics (Figure 1, 2; Table 1). Figure 2 shows an aerial view of the 
Copper Canyon Formation and a general vertical and lateral relationship model for the 
distribution of the members and flows. 
 Surrounding Black Mountain deposits consist of limestones of the Ordovician 
Pogonip Group (Nolan et al., 1956), carbonates of the Neoproterozoic Noonday Dolomite 
(Wright et al., 1978), quartzite of the Neoproterozoic Stirling Quartzite (Stewart, 1970), 
and Tertiary volcanics (Otton, 1977) (Figure 3).  The Copper Canyon lake developed 
about 5-3 Ma and was infilled with sediments from the uplifting Black Mountains and 
Mormon Point Turtleback (Figure 3). The position of the Black Mountain Fault Zone is 
inferred to have stepped basinward sometime after deposits ceased in Copper Canyon 
Lake, after about 3 Ma (Figure 3) (Knott et al., 2005). During that time the Copper 
Canyon Formation was uplifted and folded into a syncline. 
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Figure 2. (A), Aerial photograph of the Copper Canyon Formation with labels showing 
division of the formation into members and flows; aerial photo taken by author. (B), 
Vertical and lateral relationships (idealized cross section) of the Copper Canyon 
Formation members and flows. 
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Figure 3. Schematic map showing inferred position of the ancient Copper Canyon lake 
during its evolution and the present position of the Copper Canyon Formation (modified 
from Knott et al., 2005). (A), About 5-3 Ma the Copper Canyon lake developed and was 
infilled with sediments from the uplifting Black Mountains and Mormon Point 
Turtleback. (B), The position of the Black Mountain Fault Zone is inferred to have 
stepped basinward sometime after deposition ceased in Copper Canyon lake, after about 
3 Ma. During that time period the Copper Canyon Formation was uplifted and folded into 
a syncline. 
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Type Section 
 An approximate 1800 m thick section was measured in detail from the base to the 
uppermost exposures of the formation noting lithologies, sedimentary features, tufa 
mounds, stromatolites, and animal tracks as shown in Appendix 1. Beds with associated 
tufa mounds, stromatolites, and animal tracks were especially noted. A generalized 
stratigraphic column showing lithologies, placement of animal tracks, tufa mounds, and 
stromatolites is presented in Figure 4. The blue lines on Figure 1 represent the detailed 
measured section (type section) taken from the best exposed and accessible outcrops 
(refer to Appendix 1 for detailed drafted sections and localities).   
 The basal 70 m of the formation consist of conglomerate, sandstone, and two 
basalt flows (Figure 1, 4). The next 500 m consist mainly of gypsum interbedded with 
mudstone (Figure 4). During this stage of the ancient Copper Canyon lake, tracks are 
limited to calcareous-dolomitic silty mudstone beds. Up section, and for the remaining 
1200 m (within the Barnyard Member), the evaporite beds grade into cycles of 
calcareous-dolomitic silty mudstone and limestone beds (Figure 4). The calcareous-
dolomitic silty mudstone beds contain shoreline features, animal tracks, and soft sediment 
deformation structures. The limestone is composed primarily of invertebrates and 
charophyte packstone with about ten of the limestone beds containing tufa mounds and 
stromatolites (Figure 4).  
  
 152 
 
 
 
 
 
 
Figure 4. Simplified lithostratigraphy of the Copper Canyon Formation deposits. (A), 
Thickness in meters. (B), Simplified lithologic column. (C), 40Ar/39Ar dates.  
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Lithologies and Lithofacies 
 The Copper Canyon Formation consists of nine lithologies: conglomerate, 
sandstone, mudstone, gypsum, basalt/tuff, calcareous-dolomitic silty mudstone, skeletal 
packstone, tuffaceous limestone, and stromatolitic limestone (Table 2). Most of the 
lithologies laterally interbed with one another. Chapter 2 discusses each of these 
lithologies in detail. This paper is only concerned with four lithologies; calcareous-
dolomitic silty mudstone; skeletal packstone; tuffaceous limestone; and stromatolitic 
limestone; because these represent the lithologies that contain the spring deposits. Figure 
5 shows the distribution and abundance of limestone (packstone, tufa, and stromatolite) 
beds within the Barnyard Member. Figure 6 shows several of the typical lithologies 
within the Copper Canyon Formation. 
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Figure 5. Photographs of the Copper Canyon Formation showing the distribution and 
abundance of limestone (skeletal packstone, tuffaceous, and stromatolitic) beds within the 
Barnyard Member. Limestone beds are dark brown and are interbedded with lighter 
calcareous-dolomitic silty mudstone beds. A and B represent close-up photos from 
locations as labeled in top photo.  
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Figure 6. Invertebrates, plant material, and a typical stratigraphic cycle within the 
Barnyard Member. (A), Typical skeletal packstone bed. (B), Typical skeletal packstone 
bed showing gastropods and ostracods. (C), The bivalve Corbicula within a fine grained 
limestone. (D), Fossil reed cast preserved within a calcareous-dolomitic silty mudstone 
bed; plant material, usually in the form of casts or as debris, are common within the 
calcareous-dolomitic silty mudstone lithology and also found associated with tuffaceous 
limestone (tufa mounds). (E), The very upper section of the formation showing a cycle of 
skeletal packstone (dark beds) and calcareous-dolomitic silty mudstone beds (light beds).  
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Calcareous-Dolomitic Silty Mudstone 
 
 Many of the calcareous-dolomitic silty mudstone beds are interbedded with 
sandstones of variable thickness ranging from 1 cm to several meters. Calcareous-
dolomitic silty mudstone is composed of 20-30% quartz/feldspars; 5-10% Clays; and 20-
70% calcite/dolomite (as clasts and cements). The percentage of calcite and dolomite is 
about the same. Petrographically, most of the carbonate is detrital (grains that are 
abraded) with a smaller proportion of authigenic carbonates (rhomb grains of dolomite in 
thin section) (Figure 7, 8). Beds consist of 1-2 cm of silt alternating with 1-2 cm of mud 
(Figure 7, 8). Bedding is variable from planar to cross-bedded with many beds having 
sharp erosional bedding surfaces (Figure 8). Load casts and soft sediment deformation 
structures are common with flame structures and flute casts prominent (refer to capter 2). 
Bioturbation cross cuts many of the beds (Figure 7, 8). These beds often preserve animal 
tracks and playa-mudflat shoreline features such as ripples, raindrop impressions, and 
mud cracks (Figure 9, 10). In several places fossil reeds occur as casts (Figure 6D). 
Calcareous-dolomitic silty mudstone and limestone beds are mainly deposited within the 
upper two-thirds of the formation within the Barnyard Member with a few scattered beds 
occurring in the lower Coffin Canyon Member (Figure 1, 4). 
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Figure 7. Photomicrographs of a typical calcareous-dolomitic silty mudstone from the 
Barnyard Member collected from unit number CGE 46 (refer to Appendix 2 for XRD 
mineralogy). (A), Overview of thin section; arrows point to soft sediment deformation 
flame structures in the center of the image and several burrows. (B), Planar lamination 
with laminae composed of silt-size grains and mudstone. (C), Magnified view of minerals 
that compose the calcareous-dolomitic silty mudstone. Minerals include detrital and 
authigenic carbonates, quartz (gray color), clays, organics, and feldspars; several 
dolomite grains appear to be authigenic rhombs (yellow circles) while others are abraded 
and have worn corners and appear to be detrital (blue circles); note also the carbonate 
cement (pinkish-red color). 
 161 
 
 
 
 
 
 162 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Thin section photomicrographs of a typical calcareous-dolomitic silty mudstone 
from the Barnyard Member collected from unit number CGE 48 (refer to Appendix 2 for 
XRD mineralogy). (A), Slab normal to bedding of calcareous-dolomitic silty mudstone; 
arrow points to several burrows. (B), General view of thin section; note mudstone base 
that was exposed/eroded and then silt-size grains deposited that show low angle cross-
bedding, and finally, the small burrow at the top. (C), View of mineral grains that make 
up the calcareous-dolomitic silty mudstone, which are carbonates as clasts and cements, 
quartz (gray color), clays, organics, and feldspars; several dolomite grains appear to be 
authigenic based on their rhombic outline (yellow circles) whereas, others appear to be 
detrital (blue circles) having abraded and have worn corners; note also the carbonate 
cement (pinkish-red color). (D), Typical minerals and flattened clays (yellow arrow) that 
have been incorporated within the siltstone. (E), Soft sediment deformation; arrow points 
to flame structures. (F), View of typical minerals; arrow points to mica.  
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Figure 9. Photographs of raindrop impressions and mudcracks within the Copper Canyon 
Formation. (A, B), raindrop impressions preserved as casts and imprints preserved within 
the calcareous-dolomitic silty mudstone; lens cap, about 5 cm wide, and penny for scales. 
(C, D), mudcracks visible on several bedforms; mudcrack fill about 1-2 cm wide.  
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Figure 10. Asymmetric and symmetric ripples of the calcareous-dolomitic silty mudstone. 
(A), Undulatory, asymmetric current ripples, upper left hand corner of image, that are 
sinuous, and linguoid ripples in the lower right hand corner of image; no scale, photo 
represents about 5 meters wide outcrop. (B), Linguoid ripples exhibiting a crescent 
outline; direction of flow is upper right to lower left; also note the camel track, on a 
separate bedform in the right side of the image; no scale, photo represents about 5 meter 
wide outcrop. (C), Sinuous, asymmetric current ripples in the process of becoming 
linguoid ripples; note the finer mudstone infilling many of the ripple troughs; penny for 
scale. (D), Calcareous-dolomitic silty mudstone in cross section view; penny on lowest 
sandstone, placed on bed that shows ripple cross-bedding. (E), Typical outcrop within the 
Barnyard Member; camelid track in the center of the image and directly above on another 
thin bed there are symmetric wave  ripples; above the ripples, and after a few more 
calcareous-dolomitic silty mudstone beds, there is a thick gray sandstone bed; no scale, 
photo represents about 3 meter wide outcrop. (F), Calcareous-dolomitic silty mudstone in 
cross section view that shows ripple cross-bedding; penny for scale. 
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Skeletal Packstone 
 Skeletal packstone is the common limestone deposit in the Copper Canyon 
Formation with numerous deposits limited to the Barnyard Member (Figure 5). Skeletal 
packstone consists of gastropods, bivalves, ostracods, and charophytes as coated grains 
and ooids (Figure 6A-B, 11, 12). Petrographically, invertebrates are often infilled with 
sparry calcite, chalcedony, rounded mud clasts or pieces of other invertebrates (Figure 
11, 12). Invertebrate and charophyte remains show multiple calcium carbonate 
isopachous radial fibrous cement coatings and sparry calcite infilling (Figure 11, 12). In 
addition, intraclasts of rounded mudstone that contain invertebrate skeletal fragments and 
charophytes, have been reworked into the limestone (Figure 11B).  
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Figure 11. Rock sample and thin section photomicrographs of a typical skeletal packstone 
from the Barnyard Member. (A), Cut slab of skeletal packstone used for thin sections. 
(B), Thin section of skeletal packstone; arrows point to coated gastropod in the lower half 
of thin section and to mudstone intraclasts in upper portion of thin section. (C), Ostracod 
shell showing isopachous radial fibrous cement and sparry calcite infilling the shell. (D), 
Gastropod infilled with several ostracods and sparry calcite; ostracods have been infilled 
with rounded mud clasts (peloids) and sparry calcite. (E), Ostracods filled with coated 
and uncoated peloids. (F), Several ostracods showing isopachous radial fibrous cement 
around and sparry calcite infilling the shell. (G), Charophyte in cross setion infilled with 
spar.  
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Figure 12. Thin section and photomicrographs of a typical skeletal packstone from the 
Barnyard Member. (A), Overview of thin section; bioclasts are randomly distributed in 
lime-mud matrix with intraclasts of reworked, partly consolidated carbonate sediment. 
(B), Several cross sections of gastropods, bivalves, and disarticulated  ostracods; 
gastropods are infilled with mud clasts (peloids) and sparry calcite. (C), Gastropod in thin 
section and large spar crystals. (D), Bivalve in cross section infilled with sparry calcite.  
  
 170 
Tuffaceous Limestone 
 Tuffaceous limestone occurs as tufa mounds 5 cm to several meters in diameter 
and height (Figure 13, 14). Tufa mounds occur on the same bedding plane as skeletal 
packstone. Tufa is much more porous than the skeletal packstone (Figure 15, 16). Pores 
are partially infilled with mudstone, invertebrate skeletal fragments, and charophyte 
debris that is often coated (Figure 15, 16). Tufa mound internal structure consists of 
porous and crystalline (thinolitic) fabric often associated with aquatic vegetation remains 
preserved as laminated casts (Figure 15, 16). In addition, fossil reeds and one fossil palm 
occur on the same bedding plane as the tufa mounds (Figure 13K-L). Silicification, in the 
form of chalcedony (refer to Appedix 2 for XRD analysis), occurs in the tufa limestone as 
partial replacement of carbonate minerals by silica minerals, as well as silica cements in 
voids (Figure 11).   
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Figure 13. Photographs of tuffaceous limestone (tufa mounds) within the Barnyard 
Member with 10 meter pole, 15 cm scale bar, and rock hammer for scales. (A), Aerial 
photograph of the Barnyard Member; arrow points to area of tuffaceous limestone (tufa 
mounds) outcrop. (B), Tuffaceous limestone (tufa mounds) outcrop; tufa mounds are 
most abundant at center of picture; arrows indicate the decrease in tufa mounds laterally. 
(C), Lateral view looking north with tufa mounds in upper right hand corner of image. 
(D), Tufa mounds that correspond to the center of photograph 5B. (E), oblique view of 
tufa mounds. (F), Tufa mounds that have been eroded showing central micritic vent.  
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Figure 13. Continued.  (G), Several tufa mounds showing central micritic vent. (H), Tufa 
mound showing central micritic vent and surrounding porous tufa. (I), Cross section view 
of limestone beds; tufa mounds are located at the top of this bed. (J), Coated invertebrate 
and charophyte packstone. (K), Tufa limestone with reed casts. (L), Palm-like wood 
found associated with tufa limestone. 
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Figure 14. Photographs of tufa limestone (tufa mounds) within the Barnyard Member 
with 10 meter pole, 15 cm scale bar, and rock hammer for scales. (A), Aerial photograph 
of the Barnyard Member; arrow points to area of tuffaceous limestone (tufa mounds) 
outcrop. (B), Bedding plane where tufa mounds are preserved. (C), Lateral view of 6B. 
(D), Similar to 6C showing clusters of tufa mounds; note the limestone stratigraphically 
above covers the tufa mounds. (E), Large tufa mound dome. (F), Tufa mounds in radial 
position.  
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Figure 14. Continued.  (G), Cross section of tufa limestone. (H), Individual tufa mound 
preserving central micritic vent. (I), large tufa mounds. (J), Individual tufa mound in talus 
slope showing thick limestone bed below tufa mound. (K), Conical tufa mound in talus 
slope. (L), Large conical tufa mound looking from below showing several tuffaceous 
limestone deposits. 
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Figure 15. Rock sample and thin section photomicrographs of tuffaceous limestone (tufa 
mound) from the Barnyard Member. (A), Cross section cut slab of tufa mound used for 
thin section analysis showing porous tufa texture. (B), Overview of thin section showing 
high porosity that has been partially infilled with invertebrates. (C), Tufa showing high 
porosity; darker areas are mud clasts or remnants of plant material. (D), Tufa showing 
high porosity and infilling with bioclasts. (E), Tufa showing diasarticulted ostracods 
shells with much of the void space infilled with chalcedony. (F), Ostracod infilled with 
chalcedony. 
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Figure 16. Rock sample and thin section photomicrographs of tuffaceous limestone (tufa 
mound) from the Barnyard Member. (A), Cut slab tufa mound used for thin section 
analysis. (B), Overview of thin section; note the high porosity that has been partially 
infilled with silica and invertebrates. (C), Ostracod partially infilled with chalcedony. 
(D), Channel structure, possibly from plant cast, infilled with chalcedony. (E), 
Charophyte showing cross and oblique sections that have been infilled with chalcedony; 
void spaces and channels are also infilled with chalcedony; darker mud clasts have 
peloidal texture. (F), Charophyte showing oblique section that has been infilled with 
chalcedony; darker mud clasts have peloidal texture. 
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Stromatolitic Limestone 
 Stromatolitic limestone consists of 1-3 cm diameter, domical stromatolite 
structures preserved on the same bedding plane as the skeletal packstone and often 
associated with tufa mounds. Stromatolites are composed of alternating light and dark 
macrolaminae and submillimeter scale first order laminae. Laminae are laterally 
continuous with variable thickness (Figure 17). 
 
 
Figure 17. Rock sample and thin section photomicrographs of stromatolites from the 
upper section of the Barnyard Member. (A), Domical 1-3 cm diameter stromatolites in 
bedding surface. (B), Overview of thin section. (C), Stromatolite showing dark and light 
first order laminations; void space has been infilled with quartz and interspace between 
domal stromatolites is infilled with carbonate grains. (D), Stromatolite showing the dark 
and light millimeter to submillimeter laminations.  
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Isotopes 
 Mudstone, limestone, and calcareous-dolomitic silty mudstone lithologies were 
sampled for isotopic analysis, and the data plotted in Figure 18. Oxygen isotopes range 
from -4.58 to -14.38‰ PDB with most values around the -10.00‰ range. δ 13C range 
from -6.73 to 2.35‰ PDB with values points around the -1.00‰ range.   
 
 
Discussion 
Paleoenvironmental Interpretation of Facies 
 The Copper Canyon Formation lithologies and lithofacies (refer to chapter 3 for 
description of lithofacies) represent a sequence of interrelated depositional 
subenvironments; each subject to a distinctive set of hydrological, biological, and 
sedimentological processes. These depositional environments are based on 
subenvironment categories used by Hardie et al. (1978) for modern saline lake basins. 
The Copper Canyon Formation depositional environments are: alluvial fan, sandflat, 
mudflat, ephermeral-saline lake (saline mudflat and salt pan), and perennial fresh to 
saline lake (Table 3). The Copper Canyon Formation depositional environments are 
discussed in detail in Chapter 3. The mudflat and perennial fresh to saline lake 
depositional environments are related to the spring deposits and are therefore discussed 
below with a description and interpretation of the characteristic features of each. 
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Figure 18. Plot of isotope samples taken from the Barnyard Member with carbon and oxygen plotted against stratigraphic 
position.  
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Table 3. Depositional Environments of the Copper Canyon Formation. 
DEPOSITIONAL ENVIRONMENTS
CHARACTERISTICS Alluvial Fan Sandflat Mudflat Ephermeral 
Saline Lake 
Perennial 
Fresh to 
Saline Lake 
Sedimentary 
Structures 
And Textures 
 
Massive; 
poorly sorted; 
angular to 
subangular 
clasts usually 
clast supported 
Poorly sorted; 
angular to 
subangular 
clasts; ripples, 
cross-
bedding, and 
scour-and-fill 
deposits 
common 
Preserves 
animal tracks, 
mudcracks, 
ripples, and 
raindrop 
impressions; 
soft sediment 
deformation 
and scour and 
fill structures 
common 
Interbedded 
sequences of 
mudstone and 
gypsum; usually 
finely laminated 
with gypsum 
beds up to 20cm 
thick 
Carbonate 
limestone: 
packstone, 
tufa and, 
stromatolite 
limestones 
Included Lithologies 
 
 
Conglomerate-
Sandstone  
Sandstone-
Siltstone 
Mudstone- 
Evaporite and 
Carbonate-
Rich Silty 
Mudstone  
Mudstone- 
Evaporite  
Limestone 
interbedded 
with 
Carbonate-
Rich Silty 
Mudstone 
Spatial Distribution  Underlie, 
interfinger, 
and partially 
overlie the 
other 
lithologies 
Similar and 
same source as 
conglomerate, 
but was 
deposited 
adjacent to the 
alluvial fan 
Fringes the 
ephemeral and 
perennial 
saline lake 
adjacent to 
sandflat 
Consists of 
saline mudflat 
and salt pan 
lake  
Carbonate 
limestone 
beds limited 
to Barnyard 
Member; 
topographic 
low occupied 
by perennial 
salt lake 
Contacts and 
Associations 
Interfinger and 
grade laterally 
into sandflat 
and mudflat  
Fringe the toe 
of the alluvial 
fan; grades 
laterally into 
mudflat 
Interfingers 
and grades 
into ephemeral 
and perennial 
saline lake 
Interfingers 
with mudflat  
Interfingers 
with mudflat 
Depositional 
Environment 
Interpretation 
 
Alluvial fan 
deposits from 
uplifted 
mountains 
typical of 
block-faulting 
and rifting 
related 
tectonics 
Represents 
fluvial 
deposits 
adjacent to 
alluvial fans;  
deposited as 
sheet wash 
material 
Low gradient 
playa fed by 
alluvial fans 
and fringing 
saline lake 
Evaporative 
saline lake 
fringed by 
mudflat and 
alluvial fans 
Perennial 
saline lake 
recharged by 
springs 
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Mudflat Depositional Environment 
 The carbonate-rich silty mudstone lithofacies was deposited in the mudflat 
depositional environment (Tables 2, 3) and consists of fine-grained silt beds alternating 
with mudstone beds suggesting intermittent storm deposition. Load casts and soft 
sediment deformation are common. Many of the bed surfaces have animal tracks, 
raindrop impressions, and mudcracks indicating a regressive, subaerial exposure phase of 
the lake margin (refer to chapter 3). During wet periods, sheetwash from storm events 
flooded the mudflat. Planar bedding, ripple marks, and soft sediment deformation 
structures are evidence of storm events. 
 The mudflat depositional environment is the fringing, subaerially exposed plain of 
fine-grained sediment that: in the case of the ephermeral-saline lake depositional 
environment (Coffin Canyon Member), the mudflat fringes the saline lake; and in the 
case of the perennial fresh to saline lake depositional environment (Barnyard Member), 
the mudflat fringes the perennial lake (refer to chapter 3).  
 Mudflats are typical of closed-basin playa lakes, where gradients can be 
extremely gentle and sedimentary structures are well preserved (Eugster, 1980). The 
Copper Canyon Formation mudflat would fall within the definitions of “playa” for the 
ephermeral-saline lake where 75% of the time the playa remains dry and is associated 
with evaporites (Coffin Canyon Member). The “playa lake” definition includes the 
perennial fresh to saline lake and associated playa flooded by numerous cycles of 
emergent and submergent cycles (Rosen, 1994; Briere, 2000; Arche, 2007). Two cycles 
can be recognized within the mudflat depositonal environment: sheetwash deposition and 
post-sheetwash deposition. Sheetwash is a frequent event within a playa lake system 
(e.g., Hardie et al., 1978; Surdam and Stanley, 1979). 
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Sheetwash Deposition 
 Sheetwash depositon within the mudflat depositonal environment is recorded as 
planar bedding, ripple marks, and soft sediment deformation structures (Figures 7, 8, 10). 
These differences are related to sediment load and the variable velocity of surface water 
flowing onto the mudflat during episodic storm events.  
 A typical sequence deposited on the mudflat consists of an upward set of beds: 
planar laminated sandstone and siltstone, ripple cross-laminated siltstone (showing 
undulatory and linguoid ripple marks on bedding surfaces), and finally symmetrical or 
wave ripple cross-lamination and bedding features. This sequence is explained as 
follows: 1) Intial sheetwash deposits planar laminated (upper flow regime) sandstone-
siltstone deposits (Figure 7, 8); 2) stream flow deepens and or velocity decreases 
depositing undulatory and lingoid asymmetric-current ripples (lower flow regime) 
(Figure 10A); 3) further decrease in flow velocity forms sinuous asymmetric current 
ripples and linguoid ripples (Figure 10B-C); and finally symmetrical wave ripples are 
deposited in standing pools or in the lake as the mudflat becomes flooded (Figure 10E). 
Several carbonate-rich silty mudstone beds also contain cross-lamination indicative of 
tranquil flow (lower flow regime) deposition (Figure 8B). 
 Soft sediment deformation (load structures) are common within the carbonate-rich 
silty mudstone beds. Load structures occur both as load casts and flame structures. These 
structures form in response to unstable density contrasts (density loading) or lateral 
variations in load (uneven loading) when sediment becomes liquidized at the time of 
deposition or shortly after, during the first stages of the sediments consolidation (e.g., 
Reineck and Singh, 1980; Owen, 2003; Boggs, 2006). They may also form as a result of 
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earthquakes (e.g. Alfaro et al., 1997; Rodrı ́guez-Pascua et al., 2000). In this case, soft 
sediment deformation indicates denser material, like sand, transported onto the mudflat 
during sheetwash storm events (refer to chapter 3). 
 
Post-Sheetwash Deposition 
 Post-sheetwash deposition record a regressive, subaerial exposure phase of the 
lake margin. Many of the carbonate-rich silty mudstone bed surfaces exhibit animal 
tracks, raindrop impressions, and mudcracks (Figure 9; Appendix 4). Preservation of 
these features indicates: subaerial exposure of the mudflat environment that is saturated 
with water; followed by a period of drying/evaporation; and subsequent burial by 
overlying sediments (sheetwash deposits).  
 Animal tracks and trackways occur almost exclusively within the upper two-thirds 
of the formation within the Barnyard Member (Figure 4). There are several bird tracks 
and one camel track located in thin carbonate-rich silty mudstone lithofacies of the Coffin 
Canyon Member, but they are extremely rare, probably due to hypersaline lake water 
(Figure 4). Limestone beds occur in the upper two-thirds of the formation (Barnyard 
Member) and are interpreted as spring deposits. Animal activity is coincidental with the 
appearance and distribution of the limestone spring deposits. Animals were attracted to 
the lake springs leaving their tracks on the mudflat (refer to Chapter 4 for description of 
springs deposits and related animal track distribution). Appendix 4 presents line drawings 
and photos of the tracks and trackways. Refer to Nyborg (1998) for review of the 
morphological features of tracks of the Copper Canyon Formation.  
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 Raindrop impressions are scarce but do occur on several bedding planes (Figure 
14A, B). They are a few millimeters in depth and less than 1 centimeter in diameter 
occurring as small craters or as small raised surfaces. Their preservation is consistent 
with rapid deposition of mudstone/siltstone by sheetwash, probably within hours to days 
of raindrop formation.  
 Mudcracks are numerous within the carbonate-rich silty mudstone lithofacies 
(Figure 9A, B). Mudcracks (desiccation cracks) are secondary sedimentary structures 
formed as muddy sediment dries and contracts (dessicates) via a loss in tensile strength 
(Figure 9A, B) (Allen, 1982; Stow, 2005). In order for mudcracks to form subaerial 
exposure of the mudflat environment followed by a period of drying/evaporation and 
subsequent burial by overlying sediments is needed. 
 
Origin of Mudflat Carbonates   
 The mudflat, especially within the upper two-thirds Barnyard Member, consists 
mainly of the carbonate-rich silty mudstone lithofacies. Mineralogy of this lithofacies is 
varied (Appendix 2). The variability probably arises due to sheetwash flow bringing 
detritus in from the surrounding alluvial fans and reworking of sediments. This is 
apparent in several of the thin sections of this lithofacies (Figure 7, 8). Minerals consist 
of quartz, calcite, feldspars, and clays with minor amounts of other rock fragments of 
mixed mineralogy (Figure 7, 8; Appendix 2). Calcite and dolomite percentages are 
similar with combined amounts ranging from 20-70% of the total rock mineralogy.  
 Calcite and dolomite appear to be of two origins, either precipitated as primary 
carbonates within the lake waters (e.g., rhombic grains of dolomite in thin section) 
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(Figure 7C, 8C), and/or transported in as interclastic detrital grains from a provenance 
composed of significant amounts of dolomite or reworked as intraclastic detritus from 
surrounding mudflats (e.g., angular clasts in thin section) (Figure 7C, 8C). Eugster and 
Surdam (1973) and Eugster and Hardie (1975) have suggested that much of the dolomite 
found in the oil shales of the Green River Formation was transported into the lake by 
sheetwash from a as intraclastic detritus originating on the mudflat where dolomitization 
occurred due to capillary draw and hydroscopic pumping.  Indicators of reworking in the 
Copper Canyon Formation include: the presence of intraclasts in the limestone (Figure 
11, 12) and current structures in the carbonate-rich silty mudstone lithofacies (Figure 7, 
8). 
 
Perennial Fresh to Saline Lake Depositional Environment 
 The carbonate-rich silty mudstone and limestone lithofacies were deposited in the 
perennial fresh to saline lake (Table 3). The carbonate-rich silty mudstone lithofacies 
outcrops mainly within the upper-two-thirds of the formation within the Barnyard 
Member; however, there are a few scattered beds within the lower-third Coffin Canyon 
Member. Limestone beds are found exclusively in outcrops in the upper two-thirds 
Barnyard Member. 
 The topographic low of the basin during this time was occupied by a perennial, 
fresh to saline lake. A perennial, fresh to saline lake is a surface body of water that 
persists for many years (tens, hundreds or even thousands) without drying up (Hardie et 
al., 1978). Such lakes require a substantial perennial inflow, normally a large river (e.g., 
Jordan River flows into the Dead Sea) (Hardie et al., 1978). However, there is no 
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indication of a large river inflow system into the Copper Canyon lake. The source of 
water for the Copper Canyon lake was primarily from groundwater that brought 
freshwater into the lake. Evidence for this comes from limestone beds with tufa mounds 
in the Barnyard Member (Figure 5, 13-16).   
 Considerable amounts of dissolved solutes can be provided by perennial springs 
(e.g., the many fault-line brine springs around the Dead Sea; Bentor, 1961) while an 
occasional storm can bring in clastic sediment from all parts of the drainage basin as 
ephemeral-sheetwash inflow. In the Copper Canyon Formation, limestones occur as tufa 
mounds, beds, coated grains, and pore-filling cements at spring orifices and along 
outflow channels (e.g., Hunt et al. 1966; Slack, 1967; Rosen et al., 2004; for discussions 
of similar structures). Springs, which are surface outlets of groundwater, can reach 
supersaturation with alkaline earth carbonates, particularly low-Mg calcite, by 
‘degassing’ CO2, from the spring water on encountering the atmosphere, mixing of 
inflow spring waters with lake waters, or by evaporative concentration of the waters as 
they flow on the surface. This accounts for the many limestone beds and tufa mounds in 
the Barnyard Member.  
 Tufa mounds indicate direct evidence of calcium-bicarbonate-rich groundwater 
emanating from groundwater seepage into a subaqueous lake and precipitating calcite 
directly around the tufa mound vent (Figure 13-16). Rosen et al. (2004) published on 
similar tufa mounds from Big Soda Lake, Nevada, that were >3 m tall and 5 m in 
diameter that formed from direct groundwater seepage in subaqueous water less than 4 m 
depth. These tufa mounds formed from precipitation of calcium carbonate, both from 
biologic and abioitic chemical mechanisms (Rosen et al., 2004).  Mixing of calcium-rich 
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groundwater with bicarbonate lake water formed the mound-like structures rapidly at a 
rate of > 30 mm/yr (Rosen et al., 2004). The tufa mounds from Big Soda Lake serve as a 
modern analog for the tufa mounds in the ancient Copper Canyon lake.  
 Skeletal-packstone limestone beds contain a high percentage of gastropods, 
bivalves, and ostracods. The invertebrates have been identified to one genus of gastropod 
and bivalve, and to ten genera of ostracods. Gastropods have been identified to the genus 
level Physa (personal communication, Carmen Vazquez, University of Mexico City, 
Mexico) (Figures 6A, B; 11, 12). Physa occurs in modern shallow, freshwater lakes that 
are well oxygenated and associated with aquatic vegetation (Smith, 2001). Bivalves are 
the least abundant invertebrate, with only one genus identified, Corbicula (personal 
communication, Carmen Vazquez, University of Mexico City, Mexico). Corbicula is a 
modern freshwater genus that requires well-oxygenated waters (McMahon, 2001). 
Ostracods are the most abundant invertebrate found in the limestone. Ostracods from 
eight stratigraphically spaced samples were identified by PEMEX, Mexico City, Mexico.  
Eucypris and Darwinula are the most common ostracods and are found in nearly all of 
the samples (Figures 6A, B; 11, 12). Modern Eucypris and Darwinula are found 
exclusively in shallow freshwater ponds and lakes (Bate et al., 1982). In addition, the 
ostracod genera Heterocypris, Baturinella, Afrocypris, Cypris, Stenocypris, Cyclocypris, 
Cypridopsis, and Afrocypris were also identified. These genera are all found within 
modern freshwater environments (Bate et al., 1982). 
 The invertebrates, charophytes, reeds, palm fossils, and tufa mounds indicate a 
vegetated freshwater environment with springs. Times when the lake was fed by 
freshwater springs allowed a more abundant and diverse fauna/flora to thrive. 
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Distribution and abundance of animal activity increased in the perennial lake depositional 
environment due to the freshwater springs and associated vegetation (Figure 13-16; 
Appendix 4). Track distribution and abundance are tied to freshwater springs.  Animal 
activity was preserved in the tracks they left in the fringing mudflat of the lake. 
  Stromatolites grade laterally into calcareous-dolomitic silty mudstone beds that 
represent the mudflat environment (Figure 17). Stromatolites occur within a sequence of 
stromatolites, thin mudstone deposits, and then limestone deposits (Figure 17); indicating 
several cycles of lake expansions and contractions.  
 
Isotopes 
 About one-hundred rock samples from the carbonate-rich silty mudstone and 
limestone beds in the upper two-thirds (from approximately 600 m to 1800 m) of the 
Copper Canyon Formation (Barnyard Member) were collected for isotopic analysis 
(Figure 18, Appendix 2).  Isotopes show a range of δ18O values from -4.58 to -14.38‰ 
PDB. These values are consistent with meteoric waters (Hoefs, 1980, Fig. 10).  
 Carbon isotopes, ranging from -6.73 to 2.35‰ PDB, fall within the freshwater 
range (Hoefs, 1980) with a general trend toward heavier isotopes near the top of the 
formation (Figure 18, Appendix 2). Hoefs (1980) indicates freshwater carbonates range 
from 5.00 to -15.00‰ δ 13C. The top of the formation (approximately 1650 to 1780 m 
from the base, see Figure 18) is characterized by cycles of alternating skeletal packstone 
and mudstone lithologies (Figure 6E; Appendix 1). This indicates that near the top, and 
toward the end of deposition of the Copper Canyon Formation, the lake had a generally 
open hydrology (Carroll and Bohacs, 1999).  It was no longer surrounded by a large 
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mudflat, but appears to have been more controlled by seasonal wet and dry cycles. 13C-
enriched carbonates near the top of the formation can be explained by plant material 
associated with the limestone beds. Reduction of CO2, through plant metabolism, results 
in 13C enrichment in carbonates (Nissenbaum et al., 1988).  
 Carbon and oxygen isotopes are quite variable and do not show a covariant trend 
indicating the lake was open and fresh during the Barnyard Member deposition phase of 
the lake (see Talbot, 1990) (Figure 18). No isotope data were acquired for the lower 
Coffin Canyon Member, which contains most of the evaporite gypsum beds (refer to 
chapter 3). 
 It is important to also note, that the carbon and oxygen isotopes show a clear fresh 
water signature, which is consistant with a fresh water interpretation suggested by the 
biota and calcite dominated mineralogy for the carbonates. Early to late post-burial 
diagenesis would also be consistant with alterization by fresh meteoric water. 
 
Depositional Model 
 Figure 19 shows correlation of six measured lateral sections that used a tuffaceous 
limestone (tufa mound) bed as a datum. Lateral section lithology changes are interpreted 
to represent basin margin to center. The thickness of the tuffaceous limestone bed at 
section 3 suggests a copious supply of calcium carbonate at this location and is possibly 
the region where there were spring outlets. Laterally, from section 3, the tuffaceous 
limestone bed decreases in thickness. Also in Figure 19, toward basin center, tuffaceous 
limestone beds thin and calcareous-dolomitic silty mudstone beds dominate, reflecting a 
shift from the perennial fresh to saline lake to mudflat environment. Section 1 is 
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considered to represent the alluvial-fan depositional environment at the basin margin. The 
conglomerates of the alluvial fan  thin and become finer-grained as they radiate out 
beyond the toe of the fans grading basinward into the sandflat and eventually mudflat 
environments.  
 Animal tracks first appear in section 4, and in sections 5 and 6, are found in nearly 
all of the calcareous-dolomitic silty mudstone beds. In addition, calcareous-dolomitic 
silty mudstone beds thicken towards basin center as tuffaceous limestone beds thin. The 
correlation of these six measured sections represents the alluvial fan to mudflat 
depositional environments of the Copper Canyon lake.  Section 1 represents the alluvial 
fan environment, section 2-4 the perennial fresh to saline lake environment, and sections 
4-6 the mudflat environment. Tufa deposits are near the basin margin representing a 
region of spring outlets producing a freshwater, marsh-like environment with abundant 
plants adjacent to the mudflat. Animals were attracted to the springs to drink and eat, 
leaving their tracks in the mudflat. Lake expansion and contraction can be seen at section 
1, between units 2-4, where there is limestone and calcareous-dolomitic silty mudstone 
beds stratigraphically above and below conglomerates. 
 Isotopes for the six measured sections are shown in Figure 19 and reported in 
detail in Appendix 3. The isotope values are similar to the values obtained for the entire 
formation, which show a clear meteoric δ18O signature (Hoefs, 1980, Fig. 18). Figure 20 
shows XRD and isotope data from a longitudinal section tufa mound slab. δ18O stable 
isotope data from the tufa mound, range from -10.15 to -10.96‰ PDB (for Vienna 
Peedee Belemnite; Leng and Marshall, 2004) indicating a meteoric water composition 
(Hoefs, 1980, Figure 10; Deocampo, 2010). Most of the δ18O values are around -10.00‰ 
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PDB; however, in some places there is large variability. For example, figure 19 section 3, 
within the tuffaceous limestone, the δ18O ranges from -5.29 to -10.13‰ PDB (Appendix 
3). This variability suggests diagenetic alteration that either occurred at an early stage 
related to the tufa mounds, while meteoric waters were entering the lake or post 
depositional from carbonate clasts incorporated into the lake deposits from surface river 
inflow. 
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Figure 19. Correlation of six measured sections showing lithology changes from basin 
margin to center of the Copper Canyon lake. Sections were measured within the Barnyard 
Member using a tuffaceous limestone bed as a datum. Measured sections correspond to 
photograph in Figure 13. XRD and isotope analysis is given in Appendix 3.  
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Figure 20. Longitudinal section of typical tufa mound from the Copper Canyon 
Formation with XRD and stable isotopic data. (A), Central vent location. Stable isotope 
data (δ 18O range from -10.15 to -10.96‰ PDB) indicates a strong meteoric signature 
(Hoefs, 1980; Deocampo, 2010). 
 
 
 Figure 21 shows a schematic depositional model of the ancient Copper Canyon 
lake both laterally and as a vertical lithofacies association. The model shows the 
lithofacies association, both laterally and vertically, during the time springs were active. 
Alluvial-fan conglomerates were deposited as sheetwash from the surrounding mountains 
into the lake basin. As gradient and velocity decreased, the larger clasts were deposited 
such that the lateral lithofacies from basin margin to center reflects deposits from alluvial 
fan to mudflat depositional environments. As the lake went through highstand and 
lowstand cycles, the lake margin migrated and the type of sediments changed. Calcium 
and bicarbonate-rich waters entered the lake and precipitated calcite. 
 Calcite accumulation in lakes is dependent on the amount of calcium and 
bicarbonate rich source rocks (e.g. Valero Garcés, 1993; Gierlowski-Kordesch, 1998). 
The source of the calcium and bicarbonate rich surface and groundwater inflow into the 
ancient Copper Canyon lake most likely was derived from the Paleozoic Pogonip Group, 
which underlies and forms part of the bedrock and surrounding mountains of the Black 
Mountains (Nolan et al., 1956) (Figure 3). The Pogonip Group consists of three carbonate 
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formations with the Antelope Valley Limestone Formation the probable source of 
carbonate ions and clasts deposited into the Copper Canyon lake (Nolan et al., 1956; 
Otton, 1977).  
 Animal tracks are in the form of individual tracks and trackways (refer to 
Appendix 4). The assortment of tracks has been interpreted to represent migratory 
animals (Scrivener and Bottjer, 1986). However, many of the calcareous-dolomitic silty 
mudstone beds contain a very high abundance and diversity of tracks usually in the form 
of individual animals. There is no evidence of animal migration; for example, trample 
tracks/trackways are very rare. Another possibility is animals were walking across the 
mudflat of the ancient Copper Canyon lake to the freshwater springs for water and food. 
That would explain the individual tracks and trackways and lack of trample tracks. The 
animals going to and from the lake springs is the best explanation for the distribution of 
the animal tracks as shown in Figure 21. 
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Figure 21. Schematic depositional model and lithofacies association to demonstrate 
variation of the ancient Copper Canyon lake deposits during the time period when springs 
were active.  
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Conclusions 
 Previously, mammal and bird track abundance and diversity were only broadly 
known from the Copper Canyon Formation (Curry, 1939, 1941; Scrivner and Bottjer, 
1986). Detailed measured sections within Copper Canyon and observations in Coffin 
Canyon reveal that the distribution of the tracks is much more widespread. That said, 
animal tracks are mainly confined to the upper two-thirds of the Copper Canyon 
Formation (Barnyard Member) reflecting animal activity being coincidental with the 
appearance and distribution of the limestone spring deposits, suggesting a cause and 
effect.  
 The invertebrates, charophytes, reeds, palm fossils, and tufa mounds indicate a 
vegetated freshwater spring environment. Times when the lake was fed by spring water 
allowed a more abundant and diverse fauna/flora population to thrive. Distribution and 
abundance of animal activity increased in the perennial fresh to saline lake depositional 
environment due to the freshwater springs and associated vegetation. Track distribution 
and abundance are tied to freshwater springs and associated limestone beds.  Animal 
activity was preserved in the tracks they left in the fringing mudflat of the lake. The 
subaerial exposure and cycles of low-and-highstand lake levels helped preserve the 
tracks, and thusly the evidence and history of animal activity in the Copper Canyon 
Formation. 
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CHAPTER FIVE 
DISCUSSION 
 
 Chapter 2, stratigraphy, age, and formal designation of the Pliocene Copper 
Canyon Formation, Death Valley National Park, California, formally designates the rock 
units contained in Coffin and Copper canyons as the Copper Canyon Formation. The first 
in depth geologic map dividing the formation into members and flows is presented and a 
detailed measured section through the Coffin and Copper canyons is defined as the type 
section. The formation is subdivided into three members and three basalt flows. 
Radiometric age determination on the basalt beds, paleomagnetic analysis, and a 
radiometric age on a tuff bed stratigraphically above the Copper Canyon Formation, 
constrain the age between 5.20 Ma for the base of the formation and 3.15 Ma for the top 
of the formation. Previously, the age of the formation has only been broadly established.  
Chapter 3, sedimentology and depositional environments of the Copper Canyon 
Formation basin fill deposits, Death Valley, California, divides the formation into 
lithologies, lithofacies, lithofacies associations,  and depositional environments. The 
Copper Canyon Formation depositional history can then be roughly divided into 3 parts: 
1) initial basin formation and alluvial fan deposits into the basin as a low relief 
ephermeral-saline lake developed; 2) first lacustrine stage consisting of a hypersaline 
evaporative lake and water chemistry that favored gypsum deposition; and 3) a later 
lacustrine stage dominated by a perennial fresh to saline lake fed by springs and mudflat 
deposits.  
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 Chapter 4, spring deposits and vertebrate track distribution in the Copper Canyon 
Formation, Death Valley, California, correlates the limestone beds and associated tufa 
mounds to freshwater input into the Copper Canyon lake. This finding is significant 
because it explains the distribution of animal activity being coincidental with the 
appearance and distribution of the limestone spring deposits. 
 
Future Work 
Potential future work on the Copper Canyon Formation would include: 
1) A better understanding of the paleocurrents of the formation to determine the 
provenance of the conglomerates found in the Copper Canyon Formation. In plan 
view the conglomerates appear to be transported from two directions, from the north 
and south. The question is why two directions and not one or multiple directions. In 
addition, there are two types of conglomerates (as explained in chapter 2) that appear 
to be randomly deposited within the Copper Canyon Formation but is this truly 
random. More in-field observations are needed to better understand the alluvial fan 
depositional environment (Greenwater Conglomerate).  
2) The distribution and abundance of animal tracks was established in Chapter 4; 
however, there could be more learned from the animal behavior. Was the playa 
mudflat just a shoreline the animals walked along to get to the freshwater spring 
deposits?  
3) With the establishment of the age of the Copper Canyon Formation, as presented in 
Chapter 2, the tracks preserved in the formation can now be applied to North 
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American Land Mammal age (NALMA) enabling a better understating of the 
potential track makers. 
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APPENDIX 1 
 
Copper Canyon Formation detailed measured section. Sections are divided into 
units as shown on geologic map below. The table below gives GPS coordinates for the 
basalt flows and the starting point for each measured section. 
 
GPS Locality Latitude Longitude 
Basalt FLows   
Carnivore Ridge 36.13573 116.74210 
Gyp Hill 36.15262 116.74313 
Coffin Peak 36.14059 116.73117 
   
Measured Sections   
CCF Flow 36.74948 116.45100 
COF-1 36.92150 116.44363 
COF-1 (continued) 36.91068 116.44519 
COF-2 36.84201 116.44153 
UBME 36.14729 116.73241 
UBN 36.85515 116.43447 
H4 36.83079 116.43494 
CES 36.82967 116.43457 
H5 36.83775 116.43310 
H1 36.82521 116.43301 
B 36.82352 116.43233 
CGE 36.82434 116.43174 
TOP 36.14006 116.72144 
  
223 
 
 
224 
 
 
  
225 
 
 
226 
 
 
227 
 
 
228 
 
 
229 
 
 
230 
 
 
231 
 
 
232 
 
 
  
233 
 
 
234 
 
 
235 
 
 
236 
 
 
237 
 
 
238 
 
 
239 
 
 
240 
 
 
241 
 
 
242 
 
 
243 
 
 
244 
 
 
245 
 
 
246 
 
Appendix 2 
 
 XRD mineralogy and isotopic analysis of the Copper Canyon Formation detailed 
measured section. 
 
XRD ISOTOPES 
COFFIN CANYON MEMBER             
CCFLOW-5 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 266 4.22 63.03317536 11 Calcite 53 
Calcite 913 2.91 313.7457045 53 Dolomite 23 
Dolomite 310 2.26 137.1681416 23 Siliciclastics 24 
Feldspar (Orthoclase) 22 0.68 32.35294118 6 
Feldspar (Albite) 27 0.65 41.53846154 7 
Total 587.8384241 100 
CCFLOW-7 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 268 4.22 63.507109 10 Calcite 45 
Calcite 861 2.91 295.8762887 45 Dolomite 21 
Dolomite 309 2.26 136.7256637 21 Siliciclastics 34 
Total clays (illite) 24 0.48 50 8 
Feldspar (Orthoclase) 56 0.68 82.35294118 12 
Feldspar (Albite) 22 0.65 33.84615385 5 
Total 662.3081564 100 
CCFLOW-9 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 326 4.22 77.25118483 12 Calcite 49 
Calcite 940 2.91 323.024055 49 Dolomite 22 
Dolomite 334 2.26 147.7876106 22 Siliciclastics 29 
Total clays (illite) 21 0.48 43.75 7 
Feldspar (Orthoclase) 22 0.68 32.35294118 5 
Feldspar (Albite) 22 0.65 33.84615385 5 
Total 658.0119455 100 
        
COF1-4 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 630 4.22 149.2890995 19 Calcite 31 
Calcite 733 2.91 251.8900344 31 Dolomite 12 
Dolomite 217 2.26 96.01769912 12 Siliciclastics 57 
Total clays (illite) 26 0.48 54.16666667 7 
Feldspar (Orthoclase) 124 0.68 182.3529412 23 
Feldspar (Albite) 47 0.65 72.30769231 9 
Total 806.0241332 100 
COF1-20 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 599 4.22 141.943128 21 Calcite 21 
Calcite 409 2.91 140.5498282 21 Dolomite 10 
Dolomite 144 2.26 63.71681416 10 Siliciclastics 69 
Total clays (illite) 47 0.48 97.91666667 15 
Feldspar (Orthoclase) 51 0.68 75 11 
Feldspar (Albite) 92 0.65 141.5384615 21 
Total 660.6648985 100 
COF1-36 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 623 4.22 147.6303318 29 Calcite 12 
Calcite 175 2.91 60.13745704 12 Dolomite 5 
Dolomite 54 2.26 23.89380531 5 Siliciclastics 83 
Total clays (illite) 70 0.48 145.8333333 28 
Feldspar (Orthoclase) 51 0.68 75 15 
Feldspar (Albite) 40 0.65 61.53846154 12 
Total 514.033389 100 
    
COF1-58 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 658 4.22 155.9241706 11 Calcite 44 
Calcite 1799 2.91 618.2130584 44 Dolomite 25 
Dolomite 788 2.26 348.6725664 25 Siliciclastics 31 
Total clays (illite) 55 0.48 114.5833333 8 
Feldspar (Orthoclase) 52 0.68 76.47058824 5 
Feldspar (Albite) 50 0.65 76.92307692 6 
Total 1390.786794 100 
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COF1-62 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 668 4.22 158.2938389 11 Calcite 46 
Calcite 1913 2.91 657.3883162 46 Dolomite 26 
Dolomite 826 2.26 365.4867257 26 Siliciclastics 28 
Total clays (illite) 40 0.48 83.33333333 6 
Feldspar (Orthoclase) 60 0.68 88.23529412 6 
Feldspar (Albite) 48 0.65 73.84615385 5 
Total 1426.583662 100 
COF1-82 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1148 4.22 272.0379147 26 Calcite 24 
Calcite 732 2.91 251.5463918 24 Dolomite 9 
Dolomite 206 2.26 91.15044248 9 Siliciclastics 67 
Total clays (illite) 123 0.48 256.25 24 
Feldspar (Orthoclase) 92 0.68 135.2941176 13 
Feldspar (Albite) 26 0.65 40 4 
Total 1046.278867 100 
COF1-92 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 941 4.22 222.985782 18 Calcite 34 
Calcite 1237 2.91 425.0859107 34 Dolomite 16 
Dolomite 444 2.26 196.460177 16 Siliciclastics 50 
Total clays (illite) 71 0.48 147.9166667 12 
Feldspar (Orthoclase) 71 0.68 104.4117647 8 
Feldspar (Albite) 108 0.65 166.1538462 13 
Total 1263.014147 100 
        
COF2-15 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 857 4.22 203.0805687 19 Calcite 22 
Calcite 683 2.91 234.7079038 22 Dolomite 14 
Dolomite 325 2.26 143.8053097 14 Siliciclastics 64 
Total clays (illite) 85 0.48 177.0833333 17 
Feldspar (Albite) 199 0.65 306.1538462 29 
Total 1064.830962 100 
COF2-30 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1002 4.22 237.4407583 17 Calcite 31 
Calcite 1285 2.91 441.580756 31 Dolomite 25 
Dolomite 815 2.26 360.619469 25 Siliciclastics 44 
Total clays (illite) 74 0.48 154.1666667 11 
Feldspar (Orthoclase) 55 0.68 80.88235294 6 
Feldspar (Albite) 93 0.65 143.0769231 10 
Total 1417.766926 100 
COF2-32 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 756 4.22 179.1469194 14 Calcite 41 
Calcite 1554 2.91 534.0206186 41 Dolomite 23 
Dolomite 678 2.26 300 23 Siliciclastics 36 
Total clays (illite) 50 0.48 104.1666667 8 
Feldspar (Orthoclase) 52 0.68 76.47058824 6 
Feldspar (Albite) 65 0.65 100 8 
Total 1293.804793 100 
COF2-34 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 644 4.22 152.6066351 12 Calcite 39 
Calcite 1448 2.91 497.5945017 39 Dolomite 29 
Dolomite 830 2.26 367.2566372 29 Siliciclastics 32 
Total clays (illite) 62 0.48 129.1666667 10 
Feldspar (Orthoclase) 31 0.68 45.58823529 4 
Feldspar (Albite) 46 0.65 70.76923077 6 
Total 1262.981907 100 
    
UBME10B 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 872 4.22 206.6350711 16 Calcite 37 
Calcite 1381 2.91 474.5704467 37 Dolomite 22 
Dolomite 657 2.26 290.7079646 22 Siliciclastics 41 
Total clays (illite) 61 0.48 127.0833333 10 
Feldspar (Orthoclase) 55 0.68 80.88235294 6 
Feldspar (Albite) 77 0.65 118.4615385 9 
Total 1298.340707 100 
UBME16B 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
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Quartz 828 2 196.2085308 13 Calcite 46 
Calcite 2090 4.22 718.2130584 46 Dolomite 25 
Dolomite 869 2.91 384.5132743 25 Siliciclastics 29 
Total clays (illite) 24 2.26 50 3 
Feldspar (Orthoclase) 81 0.48 119.1176471 8 
Feldspar (Albite) 63 0.68 96.92307692 6 
Total 0.65 1564.975588 100 
BARNYARD MEMBER                 
UBN-1B Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 735 4.22 174.1706161 33 Calcite 15 
Calcite 232 2.91 79.72508591 15 Dolomite 0 
Feldspar (Orthoclase) 154 0.68 226.4705882 43 Siliciclastics 85 
Feldspar (Albite) 28 0.65 43.07692308 8 
Total clays TRACE 
Total 523.4432133 100 
UBN-4 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 1123 4.22 266.1137441 18 Calcite 49 -1.61 -14.15 
Calcite 2069 2.91 710.9965636 49 Dolomite 0 
Total clays (illite) 93 0.48 193.75 13 Siliciclastics 51 
Feldspar (Orthoclase) 82 0.68 120.5882353 8 
Feldspar (Albite) 100 0.65 153.8461538 11 
Total 1445.294697 100 
UBN-6C 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1624 4.22 384.8341232 26 Calcite 13 
Calcite 552 2.91 189.6907216 13 Dolomite 26 
Dolomite 852 2.26 376.9911504 26 Siliciclastics 61 
Total clays (illite) 121 0.48 252.0833333 17 
Feldspar (Orthoclase) 77 0.68 113.2352941 8 
Feldspar (Albite) 105 0.65 161.5384615 11 
Total 1478.373084 100 
UBN-8 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1004 4.22 237.9146919 21 Calcite 26 
Calcite 520 2.91 178.6941581 16 Dolomite 0 
Total clays (illite) 17 0.48 35.41666667 3 Siliciclastics 74 
Feldspar (Orthoclase) 421 0.68 619.1176471 55 
Feldspar (Albite) 35 0.65 53.84615385 5 
Total 1124.989318 100 
UBN-14 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 388 4.22 91.94312796 9 Calcite 54 
Calcite 1670 2.91 573.8831615 54 Dolomite 0 
Total clays (illite) 44 0.48 91.66666667 9 Siliciclastics 46 
Feldspar (Orthoclase) 98 0.68 144.1176471 14 
Feldspar (Albite) 105 0.65 161.5384615 15 
Total 1063.149065 100 
UBN-24 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 670 4.22 158.7677725 20 Calcite 33 -1.96 -10.58 
Calcite 761 2.91 261.5120275 33 Dolomite 23 
Dolomite 425 2.26 188.0530973 23 Siliciclastics 44 
Total clays (illite) 49 0.48 102.0833333 13 
Feldspar (Orthoclase) 28 0.68 41.17647059 5 
Feldspar (Albite) 34 0.65 52.30769231 7 
Total 803.9003936 100 
    
UBN-31 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1003 4.22 237.6777251 13 Calcite 14 
Calcite 760 2.91 261.1683849 14 Dolomite 29 
Dolomite 1199 2.26 530.5309735 29 Siliciclastics 57 
Total clays (illite) 71 0.48 147.9166667 8 
Feldspar (Orthoclase) 367 0.68 539.7058824 29 
Feldspar (Albite) 74 0.65 113.8461538 6 
Total 1830.845786 100 
    
H4-4 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 140 4.22 33.17535545 5 Calcite 82 -4.51 -9.98 
Calcite 1702 2.91 584.8797251 82 Dolomite 0 
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Gypsum 35 1.98 17.67676768 2 Siliciclastics 18 
Feldspar (Orthoclase) 24 0.68 35.29411765 5 
Feldspar (Albite) 25 0.65 38.46153846 5 
Total 709.4875043 100 
H4-6 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 1378 4.22 326.5402844 24 Calcite 41 -1.11 -12.04 
Calcite 1620 2.91 556.7010309 41 Dolomite 13 
Dolomite 402 2.26 177.8761062 13 Siliciclastics 46 
Total clays (illite) 47 0.48 97.91666667 7 
Feldspar (Orthoclase) 52 0.68 76.47058824 6 
Feldspar (Albite) 69 0.65 106.1538462 8 
Total 1341.658523 100 
    
CES - 2 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 720 4.22 170.6161137 17 Calcite 21 -0.84 -9.62 
Calcite 604 2.91 207.5601375 21 Dolomite 19 -0.95 -9.68 
Dolomite 427 2.26 188.9380531 19 Siliciclastics 60 
Total clays (illite) 106 0.48 220.8333333 22 
Feldspar (Orthoclase) 62 0.68 91.17647059 9 
Feldspar (Albite) 79 0.65 121.5384615 12 
Total 1000.66257 100 
    
CES - 3A Gypsum 100% Peak Height RIR Fraction Wt Percent 
Gypsum 100% Gypsum 1.98 100 
Total 100 
CES - 3B Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 626 4.22 148.3412322 17 Calcite 18 
Calcite 472 2.91 162.1993127 18 Dolomite 41 
Dolomite 834 2.26 369.0265487 41 Siliciclastics 41 
Total clays (illite) 68 0.48 141.6666667 16 
Feldspar (Albite) 47 0.65 72.30769231 8 
Total 893.5414526 100 
    
CES - 10 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 154 4.22 36.492891 14 Calcite 62 
Calcite 483 2.91 165.9793814 62 Dolomite 0 
Total clays (illite) 10 0.48 20.83333333 8 Siliciclastics 38 
Feldspar (Albite) 29 0.65 44.61538462 17 
Total 267.9209904 100 
CES - 17 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1433 4.22 339.5734597 34 Calcite 26 
Calcite 756 2.91 259.7938144 26 Dolomite 13 
Dolomite 296 2.26 130.9734513 13 Siliciclastics 61 
Total clays (illite) 71 0.48 147.9166667 15 
Feldspar (Orthoclase) 77 0.68 113.2352941 11 
Total 991.4926863 100 
    
CES - 19 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 287 4.22 68.00947867 11 Calcite 78 
Calcite 1459 2.91 501.3745704 78 Dolomite 5 
Dolomite 67 2.26 29.6460177 5 Siliciclastics 17 
Total clays 22 0.48 45.83333333 7 
Total 644.8634002 100 
    
CES - 22 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 115 4.22 27.25118483 13 Calcite 26 
Calcite 156 2.91 53.60824742 26 Dolomite 9 
Dolomite 42 2.26 18.5840708 9 Siliciclastics 65 
Total clays (illite) 27 0.48 56.25 27 
Feldspar (Orthoclase) 37 0.68 54.41176471 26 
Feldspar (Albite) 22 0.65 33.84615385 16 
Total 210.1052678 100 
    
CES - 25 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1236 4.22 292.8909953 37 Calcite 8 
Calcite 184 2.91 63.23024055 8 Dolomite 7 
Dolomite 125 2.26 55.30973451 7 Siliciclastics 85 
Total clays (illite) 135 0.48 281.25 35 
Feldspar (Orthoclase) 74 0.68 108.8235294 14 
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Total 801.5044997 100 
CES - 26 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 245 4.22 58.05687204 8 Calcite 84 -1.32 -9.45 
Calcite 1794 2.91 616.4948454 84 Dolomite 0 
Total clays 30 0.48 62.5 8 Siliciclastics 16 
Total 737.0517174 100 
CES - 28 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 1850 4.22 438.3886256 34 Calcite 34 -0.57 -11.15 
Calcite 1291 2.91 443.6426117 34 Dolomite 13 
Dolomite 392 2.26 173.4513274 13 Siliciclastics 53 
Total clays (illite) 61 0.48 127.0833333 10 
Feldspar (Orthoclase) 76 0.68 111.7647059 9 
Total 1294.330604 100 
CES - 33 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 71 4.22 16.82464455 2 Calcite 98 -2.89 -5.92 
Calcite 1976 2.91 679.0378007 98 Dolomite 0 
Total 695.8624452 100 Siliciclastics 2 
CES - 37 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 679 4.22 160.9004739 21 Calcite 23 -0.54 -12.17 
Calcite 501 2.91 172.1649485 23 Dolomite 21 
Dolomite 359 2.26 158.8495575 21 Siliciclastics 56 
Total clays (illite) 86 0.48 179.1666667 24 
Feldspar (Orthoclase) 60 0.68 88.23529412 12 
Total 759.3169407 100 
    
CES-57 Gypsum 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Anhydrite 670 1.88 356.3829787 100 Calcite 0 
Total 356.3829787 100 Dolomite 0 
Siliciclastics 100 
    
CES - 59 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1299 4.22 307.8199052 21 Calcite 39 
Calcite 1648 2.91 566.3230241 39 Dolomite 21 
Dolomite 684 2.26 302.6548673 21 Siliciclastics 40 
Total clays (illite) 66 0.48 137.5 10 
Feldspar (Orthoclase) 84 0.68 123.5294118 9 
Total 1437.827208 100 
CES - 60 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 955 4.22 226.3033175 20 Calcite 45 -1.75 -10.43 
Calcite 1451 2.91 498.6254296 45 Dolomite 28 
Dolomite 703 2.26 311.0619469 28 Siliciclastics 27 
K-feldspar 56 0.68 82.35294118 7 
Total 1118.343635 100 
    
CES - 62 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 452 4.22 107.1090047 15 Calcite 38 
Calcite 815 2.91 280.0687285 38 Dolomite 2 
Dolomite 34 2.26 15.04424779 2 Siliciclastics 60 
Total clays (illite) 24 0.48 50 7 
Feldspar (Albite) 184 0.65 283.0769231 38 
Total 735.2989041 100 
    
CES-63 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 257 4.22 60.90047393 7 Calcite 77 
Calcite 2032 2.91 698.2817869 77 Dolomite 0 
Gypsum 121 1.98 61.11111111 7 Siliciclastics 23 
Feldspar (Albite) 57 0.65 87.69230769 10 
Total 907.9856797 100 
CES - 65 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 164 4.22 38.86255924 4 Calcite 96 0.41 -7.41 
Calcite 2525 2.91 867.6975945 96 Dolomite 0 
Total 906.5601537 100 Siliciclastics 4 
CES - 68 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 358 4.22 84.83412322 9 Calcite 54 
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Calcite 1424 2.91 489.347079 54 Dolomite 13 
Dolomite 272 2.26 120.3539823 13 Siliciclastics 33 
Gypsum 21 1.98 10.60606061 1 
Total clays (illite) 42 0.48 87.5 10 
Feldspar (Albite) 36 0.65 55.38461538 6 
Feldspar (Orthoclase) 35 0.68 51.47058824 6 
Total 899.4964488 100 
    
CES - 75 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1730 4.22 409.9526066 29 Calcite 36 
Calcite 1486 2.91 510.652921 36 Dolomite 16 
Dolomite 518 2.26 229.2035398 16 Siliciclastics 48 
Total clays (illite) 43 0.48 89.58333333 6 
Feldspar (Albite) 59 0.65 90.76923077 6 
Feldspar (Orthoclase) 64 0.68 94.11764706 7 
Total 1424.279279 100 
    
CES - 79 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1442 4.22 341.7061611 23 Calcite 39 
Calcite 1731 2.91 594.8453608 39 Dolomite 16 
Dolomite 554 2.26 245.1327434 16 Siliciclastics 45 
Total clays (illite) 54 0.48 112.5 7 
Feldspar (Albite) 78 0.65 120 8 
Feldspar (Orthoclase) 71 0.68 104.4117647 7 
Total 1518.59603 100 
    
CES - 82 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 119 4.22 28.19905213 3 Calcite 97 
Calcite 2421 2.91 831.9587629 97 Dolomite 0 
Total 860.157815 100 Siliciclastics 3 
CES - 84 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 290 4.22 68.72037915 7 Calcite 93 
Calcite 2660 2.91 914.0893471 93 Dolomite 0 
Total 982.8097262 100 Siliciclastics 7 
CES-89 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Calcite 2408 2.91 827.4914089 93 Calcite 93 0.13 -8.42 
Gypsum 123 1.98 62.12121212 7 Dolomite 0 
Total 889.6126211 100 Siliciclastics 7 
CES - 92 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 792 4.22 187.6777251 22 Calcite 36 -0.82 -11.91 
Calcite 909 2.91 312.371134 36 Dolomite 17 
Dolomite 327 2.26 144.6902655 17 Siliciclastics 47 
Total clays (illite) 50 0.48 104.1666667 12 
Feldspar (Albite) 37 0.65 56.92307692 7 
Feldspar (Orthoclase) 44 0.68 64.70588235 7 
Total 870.5347506 100 
    
CES - 105 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1772 4.22 419.9052133 25 Calcite 31 
Calcite 1553 2.91 533.6769759 31 Dolomite 18 
Dolomite 701 2.26 310.1769912 18 Siliciclastics 51 
Total clays (illite) 80 0.48 166.6666667 10 
Feldspar (Albite) 99 0.65 152.3076923 9 
Feldspar (Orthoclase) 82 0.68 120.5882353 7 
Total 1703.321775 100 
    
CES - 114 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 479 4.22 113.507109 13 Calcite 46 
Calcite 1205 2.91 414.0893471 46 Dolomite 19 
Dolomite 381 2.26 168.5840708 19 Siliciclastics 35 
Total clays (illite) 53 0.48 110.4166667 12 
Feldspar (Albite) 37 0.65 56.92307692 6 
Feldspar (Orthoclase) 30 0.68 44.11764706 5 
Total 907.6379175 100 
    
CES - 115 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1318 4.22 312.3222749 20 Calcite 36 
Calcite 1644 2.91 564.9484536 36 Dolomite 22 
Dolomite 796 2.26 352.2123894 22 Siliciclastics 42 
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Total clays (illite) 60 0.48 125 8 
Feldspar (Albite) 74 0.65 113.8461538 7 
Feldspar (Orthoclase) 73 0.68 107.3529412 7 
Total 1575.682213 100 
CES - 118 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 1142 4.22 270.6161137 17 Calcite 41 0.17 -10.14 
Calcite 1927 2.91 662.1993127 41 Dolomite 7 0.16 -10.15 
Dolomite 264 2.26 116.8141593 7 Siliciclastics 52 
Total clays (illite) 122 0.48 254.1666667 16 
Feldspar (Albite) 124 0.65 190.7692308 12 
Feldspar (Orthoclase) 78 0.68 114.7058824 7 
Total 1609.271366 100 
CES - 131 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 1580 4.22 374.4075829 29 Calcite 30 -1.39 -12.79 
Calcite 1154 2.91 396.5635739 30 Dolomite 11 
Dolomite 332 2.26 146.9026549 11 Siliciclastics 59 
Total clays (illite) 73 0.48 152.0833333 12 
Feldspar (Albite) 89 0.65 136.9230769 10 
Feldspar (Orthoclase) 71 0.68 104.4117647 8 
Total 1311.291987 100 
    
CES - 13 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 84 4.22 19.90521327 2 Calcite 98 
Calcite 2375 2.91 816.1512027 98 Dolomite 0 
Total 836.056416 100 Siliciclastics 2 
CES - 135 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 62 4.22 14.69194313 2 Calcite 98 -1.04 -9.37 
Calcite 2268 2.91 779.3814433 98 Dolomite 0 
Total 794.0733864 100 Siliciclastics 2 
CES - 137 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 1484 4.22 351.6587678 22 Calcite 18 -0.59 -10.45 
Calcite 873 2.91 300 18 Dolomite 31 
Dolomite 1162 2.26 514.159292 31 Siliciclastics 51 
Total clays (illite) 99 0.48 206.25 13 
Feldspar (Albite) 97 0.65 149.2307692 9 
Feldspar (Orthoclase) 76 0.68 111.7647059 7 
Total 1633.063535 100 
CES - 141 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 495 4.22 117.2985782 20 Calcite 32 -0.74 -12.75 
Calcite 545 2.91 187.2852234 32 Dolomite 13 
Dolomite 171 2.26 75.66371681 13 Siliciclastics 55 
Total clays (illite) 64 0.48 133.3333333 23 
Feldspar (Albite) 21 0.65 32.30769231 5 
Feldspar (Orthoclase) 29 0.68 42.64705882 7 
Total 588.5356028 100 
CES - 143 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 517 4.22 122.5118483 20 Calcite 50 -0.63 -13.08 
Calcite 917 2.91 315.1202749 50 Dolomite 10 
Dolomite 148 2.26 65.48672566 10 Siliciclastics 40 
Total clays (illite) 30 0.48 62.5 10 
Feldspar (Albite) 22 0.65 33.84615385 5 
Feldspar (Orthoclase) 19 0.68 27.94117647 4 
Total 627.4061792 100 
CES - 145 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 269 4.22 63.74407583 16 Calcite 46 -0.73 -12.20 
Calcite 549 2.91 188.6597938 46 Dolomite 25 
Dolomite 231 2.26 102.2123894 25 Siliciclastics 29 
Total clays (illite) 16 0.48 33.33333333 8 
Feldspar (Albite) 15 0.65 23.07692308 6 
Total 411.0265154 100 
    
H5-B Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 1082 4.22 256.3981043 27 Calcite 33 -0.85 -11.96 
Calcite 918 2.91 315.4639175 33 Dolomite 21 
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Dolomite 442 2.26 195.5752212 21 Siliciclastics 46 
Total clays (illite) 28 0.48 58.33333333 6 
Feldspar (Albite) 24 0.65 36.92307692 4 
Feldspar (Orthoclase) 54 0.68 79.41176471 8 
Total 942.105418 100 
    
H5-C Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 898 4.22 212.7962085 25 Calcite 29 
Calcite 713 2.91 245.0171821 29 Dolomite 11 
Dolomite 210 2.26 92.92035398 11 Siliciclastics 60 
Total clays (illite) 61 0.48 127.0833333 15 
Feldspar (Albite) 81 0.65 124.6153846 15 
Feldspar (Orthoclase) 29 0.68 42.64705882 5 
Total 845.0795214 100 
    
H5-T Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 299 4.22 70.85308057 8 Calcite 37 
Calcite 971 2.91 333.6769759 37 Dolomite 48 
Dolomite 981 2.26 434.0707965 48 Siliciclastics 15 
Feldspar (Albite) 16 0.65 24.61538462 3 
Feldspar (Orthoclase) 29 0.68 42.64705882 5 
Total 905.8632964 100 
        
H1-7 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 188 4.22 44.54976303 6 Calcite 54 
Calcite 1212 2.91 416.4948454 54 Dolomite 11 
Halite 436 5.05 86.33663366 11 Siliciclastics 35 
Total clays (illite) 18 0.48 37.5 5 
Feldspar (Albite) 61 0.65 93.84615385 12 
Feldspar (Orthoclase) 63 0.68 92.64705882 12 
Total 771.3744547 100 
    
H1-9 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1307 4.22 309.7156398 41 Calcite 24 
Calcite 534 2.91 183.5051546 24 Dolomite 9 
Dolomite 160 2.26 70.79646018 9 Siliciclastics 67 
Total clays (illite) 35 0.48 72.91666667 10 
Feldspar (Albite) 24 0.65 36.92307692 5 
Feldspar (Orthoclase) 61 0.68 89.70588235 12 
Total 763.5628806 100 
    
H1-11 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 117 4.22 27.72511848 6 Calcite 82 
Calcite 1033 2.91 354.9828179 82 Dolomite 0 
Gypsum 52 1.98 26.26262626 6 Siliciclastics 18 
Feldspar (Orthoclase) 16 0.68 23.52941176 5 
Total 432.4999744 100 
    
H1-13 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 451 4.22 106.8720379 13 Calcite 48 
Calcite 1172 2.91 402.7491409 48 Dolomite 10 
Dolomite 181 2.26 80.08849558 10 Siliciclastics 42 
Total clays (illite) 46 0.48 95.83333333 11 
Feldspar (Albite) 62 0.65 95.38461538 11 
Feldspar (Orthoclase) 40 0.68 58.82352941 7 
Total 839.7511525 100 
    
H1-15 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 273 4.22 64.69194313 8 Calcite 58 
Calcite 1432 2.91 492.0962199 58 Dolomite 9 
Dolomite 181 2.26 80.08849558 9 Siliciclastics 33 
Total clays (illite) 18 0.48 37.5 4 
Feldspar (Albite) 59 0.65 90.76923077 11 
Feldspar (Orthoclase) 57 0.68 83.82352941 10 
Total 848.9694188 100 
    
H1-17 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1303 4.22 308.7677725 40 Calcite 22 
Calcite 503 2.91 172.8522337 22 Dolomite 10 
Dolomite 175 2.26 77.43362832 10 Siliciclastics 68 
Total clays (illite) 42 0.48 87.5 11 
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Feldspar (Albite) 28 0.65 43.07692308 6 
Feldspar (Orthoclase) 60 0.68 88.23529412 11 
Total 777.8658517 100 
    
H1-19 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 2005 4.22 475.1184834 42 Calcite 23 
Calcite 739 2.91 253.95189 23 Dolomite 15 
Dolomite 386 2.26 170.7964602 15 Siliciclastics 62 
Total clays (illite) 34 0.48 70.83333333 6 
Feldspar (Albite) 64 0.65 98.46153846 9 
Feldspar (Orthoclase) 38 0.68 55.88235294 5 
Total 1125.044058 100 
    
H1-21 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 859 4.22 203.5545024 26 Calcite 28 
Calcite 636 2.91 218.556701 28 Dolomite 11 
Dolomite 191 2.26 84.51327434 11 Siliciclastics 61 
Total clays (illite) 55 0.48 114.5833333 15 
Feldspar (Albite) 52 0.65 80 10 
Feldspar (Orthoclase) 46 0.68 67.64705882 9 
Total 768.8548699 100 
    
H1-23 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 511 4.22 121.0900474 12 Calcite 25 
Calcite 724 2.91 248.7972509 25 Dolomite 38 
Dolomite 851 2.26 376.5486726 38 Siliciclastics 37 
Total clays (illite) 41 0.48 85.41666667 9 
Feldspar (Albite) 44 0.65 67.69230769 7 
Feldspar (Orthoclase) 63 0.68 92.64705882 9 
Total 992.192004 100 
    
H1-25 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 437 4.22 103.5545024 12 Calcite 50 
Calcite 1231 2.91 423.024055 50 Dolomite 2 
Dolomite 29 2.26 12.83185841 2 Siliciclastics 48 
Total clays (illite) 78 0.48 162.5 19 
Feldspar (Albite) 38 0.65 58.46153846 7 
Feldspar (Orthoclase) 63 0.68 92.64705882 11 
Total 853.019013 100 
    
H1-26 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 500 4.22 118.4834123 16 Calcite 74 
Calcite 1605 2.91 551.5463918 74 Dolomite 0 
Gypsum 148 1.98 74.74747475 10 Siliciclastics 26 
Total 744.7772788 100 
H1-30 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 497 4.22 117.7725118 18 Calcite 26 -0.87 -10.10 
Calcite 490 2.91 168.3848797 26 Dolomite 13 
Dolomite 192 2.26 84.95575221 13 Siliciclastics 61 
Halite 314 5.05 62.17821782 10 
Total clays 71 0.48 147.9166667 23 
K-feldspar 43 0.68 63.23529412 10 
Total 644.4433224 100 
H1-30 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 122 4.22 28.90995261 4 Calcite 87 
Calcite 1679 2.91 576.975945 87 Dolomite 0 
Total clays 26 0.48 54.16666667 8 Siliciclastics 13 
Total 660.0525643 100 
    
H1-33 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 168 4.22 39.81042654 9 Calcite 91 
Calcite 1200 2.91 412.371134 91 Dolomite 0 
Total 452.1815606 100 Siliciclastics 9 
H1-41 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 46 4.22 10.90047393 3 Calcite 97 
Calcite 1005 2.91 345.3608247 97 Dolomite 0 
Total 356.2612987 100 Siliciclastics 3 
H1-42 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
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Quartz 320 4.22 75.82938389 11 Calcite 71 
Calcite 1366 2.91 469.4158076 71 Dolomite 0 
Total clays 40 0.48 83.33333333 13 Siliciclastics 29 
K-feldspar 24 0.68 35.29411765 5 
Total 663.8726424 100 
    
H1-47 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 194 4.22 45.97156398 7 Calcite 88 
Calcite 1734 2.91 595.8762887 88 Dolomite 0 
Total clays 17 0.48 35.41666667 5 Siliciclastics 12 
Total 677.2645193 100 
    
H1-48 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 255 4.22 60.42654028 11 Calcite 67 
Calcite 138 2.91 384.8797251 67 Dolomite 0 
Plagioclase 1120 0.65 126.1538462 22 Siliciclastics 33 
Total 82 571.4601115 100 
    
H1-51 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 66 4.22 15.63981043 2 Calcite 95 
Calcite 1849 2.91 635.395189 95 Dolomite 0 
Cristobalite 105 5.39 19.48051948 3 Siliciclastics 5 
Total 670.5155189 100     
    
H1-54 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 469 4.22 111.1374408 13 Calcite 28 
Calcite 705 2.91 242.2680412 28 Dolomite 41 
Dolomite 794 2.26 351.3274336 41 Siliciclastics 31 
Total clays 47 0.48 97.91666667 11 
K-feldspar 39 0.68 57.35294118 7 
Total 860.0025235 100 
    
H1-55 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 55 4.22 13.03317536 3 Calcite 97 
Calcite 1358 2.91 466.6666667 97 Dolomite 0 
Total 479.699842 100 Siliciclastics 3 
H1-57 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt%     
Quartz 41 4.22 9.71563981 2 Calcite 98 
Calcite 1146 2.91 393.814433 98 Dolomite 0 
Total 403.5300728 100 Siliciclastics 2 
H1-61 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt%     
Quartz 27 4.22 6.398104265 1 Calcite 99 
Calcite 1347 2.91 462.8865979 99 Dolomite 0 
Total 469.2847022 100 Siliciclastics 1 
H1-62 Mudstone RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 322 4.22 76.30331754 14 Calcite 77 
Calcite 1177 2.91 404.467354 77 Dolomite 0 
Total clays 22 0.48 45.83333333 9 Siliciclastics 23 
K-feldspar 59 0.68 86.76470588 16 
Plagioclase 37 0.65 56.92307692 11 
Total 526.6040048 100 
    
H1-63 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 357 4.22 84.5971564 25 Calcite 75 
Calcite 749 2.91 257.3883162 75 Dolomite 0 
Plagioclase 57 0.65 87.69230769 26 Siliciclastics 25 
Total 341.9854725 100 
    
H1-65 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 68 4.22 16.11374408 4 Calcite 96 
Calcite 1040 2.91 357.3883162 96 Dolomite 0 
Total 373.5020602 100 Siliciclastics 4 
H1-67 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 214 4.22 50.71090047 8 Calcite 92 
Calcite 1612 2.91 553.95189 92 Dolomite 0 
Plagioclase 24 0.65 36.92307692 6 Siliciclastics 8 
Total 604.6627905 100 
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H1-68 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 63 4.22 14.92890995 4 Calcite 96 -0.61 -8.55 
Calcite 1169 2.91 401.7182131 96 Dolomite 0 
Total 416.647123 100 Siliciclastics 4 
H1-69 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 901 4.22 213.507109 28 Calcite 28 -0.64 -10.29 
Calcite 629 2.91 216.1512027 28 Dolomite 14 
Dolomite 238 2.26 105.3097345 14 Siliciclastics 58 
Total clays 72 0.48 150 20 
K-feldspar 54 0.68 79.41176471 10 
Total 764.379811 100 
H1-70 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 41 4.22 9.71563981 2 Calcite 98 0.89 -9.92 
Calcite 1411 2.91 484.8797251 98 Dolomite 0 
Total 494.5953649 100 Siliciclastics 2 
H1-72 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 454 4.22 107.5829384 13 Calcite 19 -0.72 -9.41 
Calcite 475 2.91 163.2302405 19 Dolomite 49 -0.83 -9.39 
Dolomite 943 2.26 417.2566372 49 Siliciclastics 32 
Total clays 36 0.48 75 9 
K-feldspar 66 0.68 97.05882353 11 
Total 860.1286396 100 
H1-84 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 437 4.22 103.5545024 14 Calcite 63 -1.05 -9.97 
Calcite 1366 2.91 469.4158076 63 Dolomite 12 
Dolomite 200 2.26 88.49557522 12 Siliciclastics 25 
Total clays 20 0.48 41.66666667 6 
K-feldspar 26 0.68 38.23529412 5 
Total 741.3678459 100 
H1-87 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 47 4.22 11.13744076 3 Calcite 97 -1.48 -9.81 
Calcite 1124 2.91 386.2542955 97 Dolomite 0 
Total 397.3917363 100 Siliciclastics 3 
H1-94 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 979 4.22 231.9905213 13 Calcite 23 -0.64 -9.21 
Calcite 1208 2.91 415.1202749 23 Dolomite 54 
Dolomite 2233 2.26 988.0530973 54 Siliciclastics 23 
Total clays 36 0.48 75 4 
K-feldspar 76 0.68 111.7647059 6 
Total 1821.928599 100 
H1-103 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 542 4.22 128.436019 17 Calcite 33 -0.84 -10.97 
Calcite 708 2.91 243.2989691 33 Dolomite 32 
Dolomite 536 2.26 237.1681416 32 Siliciclastics 35 
Total clays 38 0.48 79.16666667 11 
K-feldspar 32 0.68 47.05882353 6 
Total 735.1286198 100 
    
H1-107 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 692 4.22 163.9810427 19 Calcite 32 
Calcite 813 2.91 279.3814433 32 Dolomite 39 
Dolomite 767 2.26 339.380531 39 Siliciclastics 29 
Total clays 26 0.48 54.16666667 6 
K-feldspar 28 0.68 41.17647059 5 
Total 878.0861542 100 
H1-108 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 203 4.22 48.1042654 7 Calcite 89 -0.74 -10.15 
Calcite 1712 2.91 588.3161512 89 Dolomite 3 
Dolomite 50 2.26 22.12389381 3 Siliciclastics 8 
Total 658.5443104 100 
    
H1-110 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 511 4.22 121.0900474 16 Calcite 65 
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Calcite 1449 2.91 497.9381443 65 Dolomite 10 
Dolomite 167 2.26 73.89380531 10 Siliciclastics 25 
Total clays 20 0.48 41.66666667 5 
K-feldspar 21 0.68 30.88235294 4 
Total 765.4710166 100 
    
H1-113 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1215 4.22 287.9146919 24 Calcite 36 
Calcite 1259 2.91 432.6460481 36 Dolomite 26 
Dolomite 712 2.26 315.0442478 26 Siliciclastics 38 
Total clays 47 0.48 97.91666667 8 
K-feldspar 48 0.68 70.58823529 6 
Total 1204.10989 100 
    
H1-114 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 297 4.22 70.37914692 10 Calcite 81 
Calcite 1694 2.91 582.1305842 81 Dolomite 10 
Dolomite 156 2.26 69.02654867 10 Siliciclastics 9 
Total clays 18 0.48 37.5 5 
Total 721.5362798 100 
H1-119 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 757 4.22 179.3838863 21 Calcite 44 -1.18 -11.71 
Calcite 1106 2.91 380.0687285 44 Dolomite 24 -1.19 -11.77 
Dolomite 471 2.26 208.4070796 24 Siliciclastics 32 
Total clays 30 0.48 62.5 7 
K-feldspar 21 0.68 30.88235294 4 
Total 861.2420474 100 
    
H1-123 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1204 4.22 285.3080569 27 Calcite 36 
Calcite 1088 2.91 373.8831615 36 Dolomite 26 
Dolomite 610 2.26 269.9115044 26 Siliciclastics 38 
Total clays 27 0.48 56.25 5 
K-feldspar 43 0.68 63.23529412 6 
Total 1048.588017 100 
    
H1-125 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 687 4.22 162.7962085 19 Calcite 44 
Calcite 1080 2.91 371.1340206 44 Dolomite 20 
Dolomite 373 2.26 165.0442478 20 Siliciclastics 36 
Total clays 35 0.48 72.91666667 9 
K-feldspar 50 0.68 73.52941176 9 
Total 845.4205554 100 
H1-127 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 67 4.22 15.87677725 3 Calcite 95 -1.97 -9.54 
Calcite 1745 2.91 599.6563574 95 Dolomite 0 
Cristobalite 83 5.39 15.39888683 2 Siliciclastics 5 
Total 630.9320215 100 
H1-128 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 831 4.22 196.9194313 22 Calcite 45 -1.29 -11.08 
Calcite 1203 2.91 413.4020619 45 Dolomite 24 
Dolomite 500 2.26 221.2389381 24 Siliciclastics 31 
Total clays 22 0.48 45.83333333 5 
K-feldspar 23 0.68 33.82352941 4 
Total 911.2172939 100 
H1-130 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 1192 4.22 282.464455 30 Calcite 36 -1.07 -12.18 
Calcite 988 2.91 339.5189003 36 Dolomite 21 
Dolomite 460 2.26 203.539823 21 Siliciclastics 43 
Total clays 43 0.48 89.58333333 9 
K-feldspar 28 0.68 41.17647059 4 
Total 956.2829823 100 
    
H1-133 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 103 4.22 24.40758294 4 Calcite 64 
Calcite 1094 2.91 375.9450172 64 Dolomite 7 
Dolomite 87 2.26 38.49557522 7 Siliciclastics 29 
Margarite 79 0.53 149.0566038 25 
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Total 587.9047791 100 
    
H1-134 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1287 4.22 304.9763033 39 Calcite 21 
Calcite 485 2.91 166.6666667 21 Dolomite 13 
Dolomite 235 2.26 103.9823009 13 Siliciclastics 66 
Total clays 77 0.48 160.4166667 21 
K-feldspar 27 0.68 39.70588235 5 
Total 775.7478199 100 
    
H1-135 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1475 4.22 349.5260664 45 Calcite 28 
Calcite 623 2.91 214.0893471 28 Dolomite 15 
Dolomite 268 2.26 118.5840708 15 Siliciclastics 57 
Total clays 31 0.48 64.58333333 8 
K-feldspar 19 0.68 27.94117647 4 
Total 774.723994 100 
    
H1-144 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 353 4.22 83.6492891 7 Calcite 35 -0.65 -9.75 
Calcite 1298 2.91 446.04811 35 Dolomite 55 
Dolomite 1573 2.26 696.0176991 55 Siliciclastics 10 
K-feldspar 34 0.68 50 4 
Total 1275.715098 100 
H1-146 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 106 4.22 25.11848341 3 Calcite 75 -0.49 -8.22 
Calcite 1705 2.91 585.9106529 75 Dolomite 3 
Dolomite 49 2.26 21.68141593 3 Siliciclastics 22 
Total clays 20 0.48 41.66666667 5 
K-feldspar 74 0.68 108.8235294 14 
Total 783.2007483 100 
H1-147 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 553 4.22 131.042654 13 Calcite 37 -0.80 -10.87 
Calcite 1102 2.91 378.6941581 37 Dolomite 43 
Dolomite 999 2.26 442.0353982 43 Siliciclastics 20 
Total clays 17 0.48 35.41666667 3 
K-feldspar 28 0.68 41.17647059 4 
Total 1028.365348 100 
    
H1-148 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 42 4.22 9.952606635 1 Calcite 99 
Calcite 3351 2.91 1151.546392 99 Dolomite 0 
Total 1161.498998 100 Siliciclastics 1 
H1-152 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Calcite 1107 2.91 380.4123711 100 Calcite 100 
Total 380.4123711 100 Dolomite 0 
Siliciclastics 0 
    
H1-155 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 538 4.22 127.4881517 9 Calcite 45 
Calcite 1837 2.91 631.2714777 45 Dolomite 36 
Dolomite 1131 2.26 500.4424779 36 Siliciclastics 19 
Total clays 18 0.48 37.5 3 
K-feldspar 72 0.68 105.8823529 8 
Total 1402.58446 100 
H1-156 Limestone RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Calcite 1060 2.91 364.2611684 100 Calcite 100 -0.78 -10.33 
Total 364.2611684 100 Dolomite 0 
Siliciclastics 0 
H1-157 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 745 4.22 176.5402844 24 Calcite 38 -0.80 -9.84 
Calcite 827 2.91 284.1924399 38 Dolomite 13 
Dolomite 220 2.26 97.34513274 13 Siliciclastics 49 
Total clays 76 0.48 158.3333333 21 
K-feldspar 18 0.68 26.47058824 4 
Total 742.8817785 100 
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B-1 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1278 4.22 302.8436019 27 Calcite 21 
Calcite 680 2.91 233.6769759 21 Dolomite 24 
Dolomite 620 2.26 274.3362832 24 Siliciclastics 55 
Total clays 80 0.48 166.6666667 15 
Gypsum 114 1.98 57.57575758 5 
K-feldspar 67 0.68 98.52941176 9 
Total 1133.628697 100 
B-2 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 25 4.22 5.924170616 2 Calcite 98 
Calcite 1115 2.91 383.161512 98 Dolomite 0 
Total 389.0856826 100 Siliciclastics 2 
B-3 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 84 4.22 19.90521327 4 Calcite 96 
Calcite 1299 2.91 446.3917526 96 Dolomite 0 
Total 466.2969658 100 Siliciclastics 4 
B-3 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 398 4.22 94.31279621 13 Calcite 32 -0.17 -8.29 
Calcite 709 2.91 243.6426117 32 Dolomite 48 
Dolomite 813 2.26 359.7345133 48 Siliciclastics 20 
Total clays 27 0.48 56.25 7 
K-feldspar 34 0.68 50 7 
Total 753.9399212 100 
B-6 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 138 4.22 32.7014218 5 Calcite 95 -3.25 -11.10 
Calcite 1869 2.91 642.2680412 95 Dolomite 0 
Total 674.969463 100 Siliciclastics 5 
B-14 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1323 4.22 313.507109 41 Calcite 59 
Calcite 1290 2.91 443.2989691 59 Dolomite 0 
Total 756.8060781 100 Siliciclastics 41 
B-15 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 790 4.22 187.2037915 27 Calcite 5 0.27 -5.08 
Calcite 104 2.91 35.73883162 5 Dolomite 33 
Dolomite 530 2.26 234.5132743 33 Siliciclastics 62 
Total clays 29 0.48 60.41666667 9 
K-feldspar 126 0.68 185.2941176 26 
Total 703.1666817 100 
B-16 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 264 4.22 62.55924171 12 Calcite 88 
Calcite 1333 2.91 458.0756014 88 Dolomite 0 
Gypsum 185 1.98 93.43434343 18 Siliciclastics 12 
Total 520.6348431 100 
    
B-28 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 101 4.22 23.93364929 4 Calcite 92 
Calcite 1805 2.91 620.2749141 92 Dolomite 0 
Cristobalite 148 5.39 27.45825603 4 Siliciclastics 8 
Total 671.6668194 100 
    
B-37 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 55 4.22 13.03317536 3 Calcite 97 
Calcite 1075 2.91 369.4158076 97 Dolomite 0 
Total 382.4489829 100 Siliciclastics 3 
B-41 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 112 4.22 26.54028436 2 Calcite 98 
Calcite 3532 2.91 1213.745704 98 Dolomite 0 
Total 1240.285989 100 Siliciclastics 2 
B-43 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1463 4.22 346.6824645 24 Calcite 2 
Calcite 104 2.91 35.73883162 2 Dolomite 16 
Dolomite 530 2.26 234.5132743 16 Siliciclastics 82 
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Total clays (illite) 52 0.48 108.3333333 7 
Feldspar (Orthoclase) 67 0.68 98.52941176 7 
Feldspar (Albite) 410 0.65 630.7692308 43 
Total 1454.566546 100 
    
B-48 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 158 4.22 37.44075829 6 Calcite 94 
Calcite 1813 2.91 623.024055 94 Dolomite 0 
Total 660.4648133 100 Siliciclastics 6 
B-51 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 39 4.22 9.241706161 2 Calcite 98 
Calcite 1687 2.91 579.7250859 98 Dolomite 0 
Total 588.9667921 100 Siliciclastics 2 
B-66 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 35 4.22 8.293838863 2 Calcite 98 
Calcite 1298 2.91 446.04811 98 Dolomite 0 
Total 454.3419488 100 Siliciclastics 2 
B-66 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 567 4.22 134.3601896 13 Calcite 27 -0.32 -7.69 
Calcite 833 2.91 286.2542955 27 Dolomite 44 
Dolomite 1069 2.26 473.0088496 44 Siliciclastics 29 
Total clays 30 0.48 62.5 6 
K-feldspar 77 0.68 113.2352941 11 
Halite 138 5.05 27.32673267 3 
Total 1069.358629 100 
    
B-70 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 86 4.22 20.37914692 3 Calcite 97 
Calcite 1887 2.91 648.4536082 97 Dolomite 0 
Total 668.8327552 100 Siliciclastics 3 
B-77 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 590 4.22 139.8104265 18 Calcite 0 
Dolomite 791 2.26 350 45 Dolomite 45 
Total clays 72 0.48 150 19 Siliciclastics 55 
K-feldspar 92 0.68 135.2941176 17 
Total 775.1045442 100 
    
B-82 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 343 4.22 81.27962085 9 Calcite 72 
Calcite 1806 2.91 620.6185567 72 Dolomite 0 
Total clays 26 0.48 54.16666667 6 Siliciclastics 28 
K-feldspar 72 0.68 105.8823529 12 
Total 861.9471972 100 
    
B-82 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 91 4.22 21.56398104 3 Calcite 91 
Calcite 1822 2.91 626.1168385 91 Dolomite 0 
K-feldspar 26 0.68 38.23529412 6 Siliciclastics 9 
Total 685.9161136 100 
    
B-84 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 302 4.22 71.56398104 7 Calcite 74 
Calcite 2371 2.91 814.7766323 74 Dolomite 0 
Total clays 25 0.48 52.08333333 5 Siliciclastics 26 
K-feldspar 109 0.68 160.2941176 15 
Total 1098.718064 100 
B-87 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 81 4.22 19.1943128 3 Calcite 97 -2.29 -11.23 
Calcite 2072 2.91 712.0274914 97 Dolomite 0 
Total 731.2218042 100 Siliciclastics 3 
B-88 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 188 4.22 44.54976303 7 Calcite 47 -3.97 -11.44 
Calcite 866 2.91 297.5945017 47 Dolomite 38 
Dolomite 542 2.26 239.8230088 38 Siliciclastics 15 
K-feldspar 32 0.68 47.05882353 7 
Total 629.0260971 100 
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B-89  100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Calcite 714 2.91 245.3608247 89 Calcite 11 -6.73 -11.48 
Total clays 14 0.48 29.16666667 11 Dolomite 0 
Total 274.5274914 100 Siliciclastics 89 
    
B-93 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 235 4.22 55.68720379 14 Calcite 79 
Calcite 893 2.91 306.8728522 79 Dolomite 0 
Total clays 12 0.48 25 6 Siliciclastics 21 
Total 387.560056 100 
    
B-93 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 46 4.22 10.90047393 4 Calcite 85 
Calcite 684 2.91 235.0515464 85 Dolomite 0 
Total clays 14 0.48 29.16666667 11 Siliciclastics 15 
Total 275.118687 100 
    
B-95 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 460 4.22 109.0047393 15 Calcite 38 
Calcite 813 2.91 279.3814433 38 Dolomite 47 
Dolomite 768 2.26 339.8230088 47 Siliciclastics 15 
Total clays 22 0.48 45.83333333 6 
Total 728.2091915 100 
B-97 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 241 4.22 57.10900474 11 Calcite 39 -1.52 -8.63 
Calcite 573 2.91 196.9072165 39 Dolomite 49 
Dolomite 555 2.26 245.5752212 49 Siliciclastics 12 
Total clays 17 0.48 35.41666667 7 
Total 34 499.5914425 100 
B-103 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 321 4.22 76.06635071 10 Calcite 40 -1.24 -9.47 
Calcite 922 2.91 316.838488 40 Dolomite 39 
Dolomite 703 2.26 311.0619469 39 Siliciclastics 21 
K-feldspar 39 0.68 57.35294118 7 
Total clays 18 0.48 37.5 5 
Total 798.8197268 100 
B-109 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 363 4.22 86.01895735 8 Calcite 44 -1.11 -10.05 
Calcite 1389 2.91 477.3195876 44 Dolomite 40 
Dolomite 990 2.26 438.0530973 40 Siliciclastics 16 
K-feldspar 38 0.68 55.88235294 5 
Total clays 16 0.48 33.33333333 3 
Total 1090.607329 100 
B-111 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 308 4.22 72.98578199 11 Calcite 40 -0.60 -8.79 
Calcite 758 2.91 260.4810997 40 Dolomite 26 
Dolomite 377 2.26 166.8141593 26 Siliciclastics 34 
K-feldspar 40 0.68 58.82352941 9 
Total clays 42 0.48 87.5 14 
Total 646.6045704 100 
    
B-123 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 188 4.22 44.54976303 6 Calcite 49 
Calcite 1131 2.91 388.6597938 49 Dolomite 45 
Dolomite 804 2.26 355.7522124 45 Siliciclastics 6 
Total clays 9 0.48 18.75 2 
Total 788.9617692 100 
    
B-127 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 643 4.22 152.3696682 21 Calcite 61 
Calcite 1276 2.91 438.4879725 61 Dolomite 18 
Dolomite 302 2.26 133.6283186 18 Siliciclastics 
K-feldspar 39 0.68 57.35294118 8 
Total clays 17 0.48 35.41666667 5 
Total 724.4859593 100 
100% Peak Height 
B-128 Limestone 28 RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
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Quartz 903 4.22 6.63507109 2 Calcite 98 -3.57 -11.15 
Calcite 2.91 310.3092784 98 Dolomite 0 
Total 316.9443494 100 Siliciclastics 2 
B-129 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 143 4.22 33.88625592 6 Calcite 46 -1.19 -11.11 
Calcite 713 2.91 245.0171821 46 Dolomite 37 -1.18 -11.10 
Dolomite 445 2.26 196.9026549 37 Siliciclastics 17 
K-feldspar 27 0.68 39.70588235 7 
Total clays 11 0.48 22.91666667 4 
Total 538.4286419 100 
B-138 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 83 4.22 19.66824645 5 Calcite 33 -0.87 -8.15 
Calcite 373 2.91 128.1786942 33 Dolomite 45 
Dolomite 398 2.26 176.1061947 45 Siliciclastics 22 
K-feldspar 29 0.68 42.64705882 11 
Total clays 13 0.48 27.08333333 7 
Total 393.6835275 100 
      
CGE-3 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 464 4.22 109.9526066 12 Calcite 36 
Calcite 970 2.91 333.3333333 36 Dolomite 42 
Dolomite 884 2.26 391.1504425 42 Siliciclastics 22 
Total clays 18 0.48 37.5 4 
K-feldspar 29 0.68 42.64705882 5 
Paderaite (pyroxene) 27 2.85 9.473684211 1 
Total 924.0571255 100 
    
CGE-6 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 310 4.22 73.45971564 11 Calcite 22 
Calcite 449 2.91 154.2955326 22 Dolomite 47 
Dolomite 742 2.26 328.3185841 47 Siliciclastics 31 
Total clays 29 0.48 60.41666667 9 
K-feldspar 51 0.68 75 11 
Total 691.490499 100 
CGE-7 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 891 4.22 211.1374408 14 Calcite 26 -1.20 -8.40 
Calcite 1144 2.91 393.1271478 26 Dolomite 45 
Dolomite 1519 2.26 672.1238938 45 Siliciclastics 29 
Total clays 56 0.48 116.6666667 8 
K-feldspar 66 0.68 97.05882353 7 
Total 1490.113973 100 
    
CGE-11 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 409 4.22 96.91943128 15 Calcite 42 
Calcite 804 2.91 276.2886598 42 Dolomite 29 
Dolomite 437 2.26 193.3628319 29 Siliciclastics 29 
Total clays 19 0.48 39.58333333 6 
K-feldspar 38 0.68 55.88235294 8 
Total 662.0366092 100 
    
CGE-21 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 386 4.22 91.46919431 16 Calcite 27 
Calcite 451 2.91 154.9828179 27 Dolomite 46 
Dolomite 593 2.26 262.3893805 46 Siliciclastics 27 
Total clays 6 0.48 12.5 2 
K-feldspar 30 0.68 44.11764706 8 
Total 565.4590398 100 
    
CGE-24 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 208 4.22 49.28909953 13 Calcite 24 
Calcite 259 2.91 89.00343643 24 Dolomite 33 
Dolomite 282 2.26 124.7787611 33 Siliciclastics 43 
Total clays 26 0.48 54.16666667 14 
K-feldspar 40 0.68 58.82352941 16 
Total 376.0614931 100 
    
CGE-27 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 86 4.22 20.37914692 9 Calcite 28 
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Calcite 192 2.91 65.97938144 28 Dolomite 43 
Dolomite 232 2.26 102.6548673 43 Siliciclastics 29 
Total clays 12 0.48 25 10 
K-feldspar 17 0.68 25 10 
Total 239.0133956 100 
    
CGE-27 Limestone 100% Peak Height RIR Fraction Wt Percent 
Quartz 29 4.22 6.872037915 4 Calcite 93 
Calcite 484 2.91 166.3230241 93 Dolomite 0 
Total clays 3 0.48 6.25 3 Siliciclastics 7 
Total 179.445062 100 
    
CGE-31 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Calcite 238 2.91 81.78694158 85 Calcite 15 
Total clays 7 0.48 14.58333333 15 Dolomite 0 
Total 96.37027491 100 Siliciclastics 85 
CGE-33 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Calcite 319 2.91 109.6219931 77 Calcite 77 -1.04 -12.04 
Total clays 16 0.48 33.33333333 23 Dolomite 0 
Total 142.9553265 100 Siliciclastics 23 
CGE-38 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 78 4.22 18.48341232 2 Calcite 41 -1.41 -10.75 
Calcite 1027 2.91 352.9209622 41 Dolomite 56 
Dolomite 1095 2.26 484.5132743 56 Siliciclastics 3 
Total clays 4 0.48 8.333333333 1 
Total 864.2509822 100 
CGE-44 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 320 4.22 75.82938389 9 Calcite 42 -1.66 -9.55 
Calcite 1063 2.91 365.2920962 42 Dolomite 40 
Dolomite 786 2.26 347.7876106 40 Siliciclastics 18 
Total clays 18 0.48 37.5 4 
K-feldspar 27 0.68 39.70588235 5 
Total 866.1149731 100 
CGE-46 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 508 4.22 120.3791469 13 Calcite 15 -0.84 -8.67 
Calcite 401 2.91 137.8006873 15 Dolomite 61 -0.87 -8.73 
Dolomite 1285 2.26 568.5840708 61 Siliciclastics 24 
Total clays 25 0.48 52.08333333 6 
K-feldspar 34 0.68 50 5 
Total 928.8472383 100 
CGE-47 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Calcite 1882 2.91 646.7353952 95 Calcite 95 
Total clays 18 0.48 37.5 5 Dolomite 0 
Total 684.2353952 100 Siliciclastics 5 
CGE-48 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 400 4.22 94.78672986 11 Calcite 38 -1.19 -10.03 
Calcite 948 2.91 325.7731959 38 Dolomite 38 
Dolomite 733 2.26 324.3362832 38 Siliciclastics 24 
Total clays 33 0.48 68.75 8 
K-feldspar 31 0.68 45.58823529 5 
Total 859.2344442 100 
    
CGE-56 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 180 4.22 42.65402844 10 Calcite 35 
Calcite 434 2.91 149.1408935 35 Dolomite 51 
Dolomite 495 2.26 219.0265487 51 Siliciclastics 14 
Total clays 8 0.48 16.66666667 4 
K-feldspar 2 0.68 2.941176471 1 
Total 430.4293137 100 
    
CGE-60 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 363 4.22 86.01895735 12 Calcite 26 
Calcite 558 2.91 191.7525773 26 Dolomite 46 
Dolomite 755 2.26 334.0707965 46 Siliciclastics 28 
Total clays 32 0.48 66.66666667 9 
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K-feldspar 36 0.68 52.94117647 7 
Total 731.4501743 100 
    
CGE-62 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 451 4.22 106.8720379 12 Calcite 23 
Calcite 581 2.91 199.6563574 23 Dolomite 53 
Dolomite 1023 2.26 452.6548673 53 Siliciclastics 24 
Total clays 27 0.48 56.25 7 
K-feldspar 30 0.68 44.11764706 5 
Total 859.5509096 100 
    
CGE-65 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 80 4.22 18.95734597 2 Calcite 89 
Calcite 2058 2.91 707.2164948 89 Dolomite 4 
Dolomite 75 2.26 33.18584071 4 Siliciclastics 7 
K-feldspar 21 0.68 30.88235294 4 
Total 790.2420345 100 
CGE-68 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 544 4.22 128.9099526 13 Calcite 28 -1.12 -9.83 
Calcite 776 2.91 266.6666667 28 Dolomite 48 
Dolomite 1056 2.26 467.2566372 48 Siliciclastics 24 
Total clays 24 0.48 50 5 
K-feldspar 35 0.68 51.47058824 5 
Total 964.3038447 100 
CGE-74 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 509 4.22 120.6161137 26 Calcite 43 -0.38 -8.17 
Calcite 579 2.91 198.9690722 43 Dolomite 4 
Dolomite 41 2.26 18.14159292 4 Siliciclastics 53 
Total clays 31 0.48 64.58333333 14 
K-feldspar 41 0.68 60.29411765 13 
Total 462.6042298 100 
CGE-76 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 247 4.22 58.53080569 18 Calcite 29 -0.35 -9.13 
Calcite 277 2.91 95.18900344 29 Dolomite 44 
Dolomite 324 2.26 143.3628319 44 Siliciclastics 27 
Total clays 14 0.48 29.16666667 9 
Total 326.2493076 100 
    
CGE-78 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 630 4.22 149.2890995 16 Calcite 11 
Calcite 304 2.91 104.467354 11 Dolomite 53 
Dolomite 1123 2.26 496.9026549 53 Siliciclastics 36 
Total clays 41 0.48 85.41666667 9 
K-feldspar 73 0.68 107.3529412 11 
Total 943.4287162 100 
    
CGE-87 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 38 4.22 9.004739336 2 Calcite 90 
Calcite 1180 2.91 405.4982818 90 Dolomite 0 
Total clays 17 0.48 35.41666667 8 Siliciclastics 10 
Total 449.9196878 100 
    
CGE-88 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 23 4.22 5.450236967 7 Calcite 18 
Calcite 40 2.91 13.74570447 18 Dolomite 58 
Dolomite 100 2.26 44.24778761 58 Siliciclastics 24 
Total clays 6 0.48 12.5 16 
Total 75.94372904 100 
    
CGE-90 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 136 4.22 32.22748815 19 Calcite 27 
Calcite 131 2.91 45.01718213 27 Dolomite 38 
Dolomite 144 2.26 63.71681416 38 Siliciclastics 35 
Total clays 3 0.48 6.25 4 
K-feldspar 15 0.68 22.05882353 13 
Total 169.270308 100 
CGE-93 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 857 4.22 203.0805687 17 Calcite 24 -1.00 -8.99 
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Calcite 859 2.91 295.1890034 24 Dolomite 53 
Dolomite 1471 2.26 650.8849558 53 Siliciclastics 23 
K-feldspar 47 0.68 69.11764706 6 
Total 1218.272175 100 
CGE-99 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 29.3 4.22 6.943127962 4 Calcite 46 -1.09 -10.66 
Calcite 211.1 2.91 72.54295533 46 Dolomite 42 -1.15 -10.66 
Dolomite 148.9 2.26 65.88495575 42 Siliciclastics 12 
Total clays 4.1 0.48 8.541666667 5 
K-feldspar 2.4 0.68 3.529411765 2 
Total 157.4421175 100 
  
CGE-122 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt%     
Quartz 286 4.22 67.77251185 7   Calcite 93     
Calcite 2453 2.91 842.9553265 93   Dolomite 0     
Total     910.7278383 100   Siliciclastics 7     
                    
CGE-124 Mudstone 100% Peak Height RIR Fraction Wt Percent   Cal/Dol/Sil wt%     
Quartz 729 4.22 172.7488152 15   Calcite 25 
Calcite 861 2.91 295.8762887 25 Dolomite 40 
Dolomite 1074 2.26 475.2212389 40 Siliciclastics 35 
Total clays 61 0.48 127.0833333 11 
K-feldspar 72 0.68 105.8823529 9 
Total 1176.812029 100 
CGE-130 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 352 4.22 83.41232227 10 Calcite 48 0.20 -9.29 
Calcite 1127 2.91 387.2852234 48 Dolomite 12 
Dolomite 218 2.26 96.46017699 12 Siliciclastics 40 
Total clays 60 0.48 125 16 
K-feldspar 36 0.68 52.94117647 7 
Cristobalite 295 5.39 54.7309833 7 
Total 799.8298824 100 
CGE-133 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 245 4.22 58.05687204 7 Calcite 79 -0.71 -12.57 
Calcite 1982 2.91 681.0996564 79 Dolomite 6 
Dolomite 112 2.26 49.55752212 6 Siliciclastics 15 
Total clays 34 0.48 70.83333333 8 
Total 859.5473839 100 
    
CGE-136 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 143 4.22 33.88625592 4 Calcite 87 
Calcite 2253 2.91 774.2268041 87 Dolomite 0 
K-feldspar 56 0.68 82.35294118 9 Siliciclastics 13 
Total 890.4660012 100 
    
CGE-143 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 296 4.22 70.14218009 10 Calcite 40 
Calcite 815 2.91 280.0687285 40 Dolomite 10 
Dolomite 152 2.26 67.25663717 10 Siliciclastics 50 
Total clays 59 0.48 122.9166667 18 
K-feldspar 54 0.68 79.41176471 11 
Cristobalite 419 5.39 77.73654917 11 
Total 697.5325263 100 
    
CGE-145 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 1114 4.22 263.9810427 21 Calcite 19 
Calcite 715 2.91 245.7044674 19 Dolomite 43 
Dolomite 1235 2.26 546.460177 43 Siliciclastics 38 
Total clays 66 0.48 137.5 11 
K-feldspar 55 0.68 80.88235294 6 
Total 1274.52804 100 
  
CGE-157 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt%   
Quartz 1006 4.22 238.3886256 14 Calcite 30 
Calcite 1496 2.91 514.0893471 30 Dolomite 45 
Dolomite 1727 2.26 764.159292 45 Siliciclastics 25 
Total clays 38 0.48 79.16666667 5 
K-feldspar 73 0.68 107.3529412 6 
Total 1703.156873 100 
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CGE-158 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 115 4.22 27.25118483 3 Calcite 97 
Calcite 3085 2.91 1060.137457 97 Dolomite 0 
Total 1087.388642 100 Siliciclastics 3 
CGE-167 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 656 4.22 155.450237 10 Calcite 42 
Calcite 1837 2.91 631.2714777 42 Dolomite 39 
Dolomite 1313 2.26 580.9734513 39 Siliciclastics 19 
Total clays 41 0.48 85.41666667 6 
K-feldspar 27 0.68 39.70588235 3 
Total 1492.817715 100 
    
CGE-167 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 102 4.22 24.17061611 2 Calcite 98 
Calcite 2995 2.91 1029.209622 98 Dolomite 0 
Total 1053.380238 100 Siliciclastics 2 
CGE-172 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 597 4.22 141.4691943 12 Calcite 32 
Calcite 1131 2.91 388.6597938 32 Dolomite 43 
Dolomite 1169 2.26 517.2566372 43 Siliciclastics 25 
Total clays 17 0.48 35.41666667 3 
K-feldspar 80 0.68 117.6470588 10 
Total 1200.449351 100 
    
CGE-174 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 132 4.22 31.27962085 3 Calcite 81 
Calcite 2734 2.91 939.5189003 81 Dolomite 11 
Dolomite 276 2.26 122.1238938 11 Siliciclastics 8 
K-feldspar 26 0.68 38.23529412 3 
Cristobalite 170 5.39 31.53988868 3 
Total 1162.697598 100 
CGE-180 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 799 4.22 189.3364929 14 Calcite 58 -1.92 -11.14 
Calcite 2307 2.91 792.7835052 58 Dolomite 12 
Dolomite 376 2.26 166.3716814 12 Siliciclastics 30 
Total clays 54 0.48 112.5 8 
K-feldspar 71 0.68 104.4117647 8 
Total 1365.403444 100 
CGE-184 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 951 4.22 225.3554502 16 Calcite 50 -0.97 -11.59 
Calcite 2025 2.91 695.8762887 50 Dolomite 17 
Dolomite 547 2.26 242.0353982 17 Siliciclastics 33 
Total clays 77 0.48 160.4166667 12 
K-feldspar 48 0.68 70.58823529 5 
Total 1394.272039 100 
    
CGE-188 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 484 4.22 114.6919431 11 Calcite 33 
Calcite 1014 2.91 348.4536082 33 Dolomite 51 
Dolomite 1207 2.26 534.0707965 51 Siliciclastics 16 
Total clays 27 0.48 56.25 5 
Total 1053.466348 100 
CGE-189 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 1195 4.22 283.1753555 14 Calcite 30 -1.36 -8.05 
Calcite 1744 2.91 599.3127148 30 Dolomite 45 
Dolomite 2010 2.26 889.380531 45 Siliciclastics 25 
Total clays 50 0.48 104.1666667 5 
K-feldspar 62 0.68 91.17647059 5 
Total 1967.211738 100 
CGE-190 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 747 4.22 177.014218 13 Calcite 42 -0.80 -10.22 
Calcite 1700 2.91 584.1924399 42 Dolomite 29 
Dolomite 907 2.26 401.3274336 29 Siliciclastics 29 
Total clays 39 0.48 81.25 6 
K-feldspar 100 0.68 147.0588235 11 
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Total 1390.842915 100 
        
TOP-8 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 446 4.22 105.6872038 29 Calcite 49 
Calcite 509 2.91 174.9140893 49 Dolomite 0 
Total clays 7 0.48 14.58333333 4 Siliciclastics 51 
K-feldspar 44 0.68 64.70588235 18 
Total 359.8905088 100 
    
TOP-10 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 242 4.22 57.34597156 9 Calcite 35 
Calcite 634 2.91 217.8694158 35 Dolomite 34 
Dolomite 467 2.26 206.6371681 34 Siliciclastics 31 
Total clays 26 0.48 54.16666667 9 
K-feldspar 54 0.68 79.41176471 13 
Total 615.4309869 100 
TOP-13 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 547 4.22 129.6208531 10 Calcite 27 -0.85 -8.00 
Calcite 1031 2.91 354.2955326 27 Dolomite 46 
Dolomite 1336 2.26 591.1504425 46 Siliciclastics 27 
Total clays 63 0.48 131.25 10 
K-feldspar 62 0.68 91.17647059 7 
Total 1297.493299 100 
TOP -15 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 146 4.22 34.5971564 3 Calcite 93 0.02 -12.41 
Calcite 2907 2.91 998.9690722 93 Dolomite 3 
Dolomite 80 2.26 35.39823009 3 Siliciclastics 4 
Total 1068.964459 100 
TOP-16 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 650 4.22 154.028436 12 Calcite 41 -0.37 -8.81 
Calcite 1466 2.91 503.7800687 41 Dolomite 29 
Dolomite 814 2.26 360.1769912 29 Siliciclastics 30 
Total clays 43 0.48 89.58333333 7 
K-feldspar 92 0.68 135.2941176 11 
Total 1242.862947 100 
TOP-19 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 628 4.22 148.8151659 14 Calcite 24 -0.37 -7.48 
Calcite 763 2.91 262.1993127 24 Dolomite 41 
Dolomite 1024 2.26 453.0973451 41 Siliciclastics 35 
Total clays 51 0.48 106.25 10 
K-feldspar 87 0.68 127.9411765 12 
Cristobalite 212 5.19 40.8477842 4 
Total 1098.303 100 
TOP-22 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 426 4.22 100.9478673 11 Calcite 37 -0.01 -8.70 
Calcite 967 2.91 332.3024055 37 Dolomite 31 0.06 -8.80 
Dolomite 626 2.26 276.9911504 31 Siliciclastics 32 
Total clays 66 0.48 137.5 15 
K-feldspar 38 0.68 55.88235294 6 
Cristobalite 312 5.19 60.11560694 7 
Total 903.6237762 100 
    
TOP-26 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 225 4.22 53.31753555 4 Calcite 76 
Calcite 2734 2.91 939.5189003 76 Dolomite 8 
Dolomite 231 2.26 102.2123894 8 Siliciclastics 16 
Total clays 18 0.48 37.5 3 
K-feldspar 75 0.68 110.2941176 9 
Total 1242.842943 100 
    
TOP-27 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 379 4.22 89.81042654 11 Calcite 23 
Calcite 548 2.91 188.3161512 23 Dolomite 26 
Dolomite 496 2.26 219.4690265 26 Siliciclastics 51 
Total clays 69 0.48 143.75 17 
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K-feldspar 128 0.68 188.2352941 23 
Cristobalite 404 5.19 77.84200385 9 
Total 829.5808984 100 
    
TOP-30 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 718 4.22 170.1421801 16 Calcite 16 
Calcite 524 2.91 180.0687285 16 Dolomite 30 
Dolomite 736 2.26 325.6637168 30 Siliciclastics 54 
Total clays 80 0.48 166.6666667 15 
K-feldspar 171 0.68 251.4705882 23 
Cristobalite 116 5.19 22.35067437 2 
Total 1094.01188 100 
    
TOP-34 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 394 4.22 93.36492891 20 Calcite 16 
Calcite 220 2.91 75.60137457 16 Dolomite 25 
Dolomite 262 2.26 115.9292035 25 Siliciclastics 59 
Total clays 25 0.48 52.08333333 11 
K-feldspar 84 0.68 123.5294118 27 
Total 460.5082521 100 
    
TOP-35 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 430 4.22 101.8957346 8 Calcite 62 
Calcite 2222 2.91 763.5738832 62 Dolomite 17 
Dolomite 479 2.26 211.9469027 17 Siliciclastics 21 
Total clays 25 0.48 52.08333333 4 
K-feldspar 67 0.68 98.52941176 8 
Total 1228.029266 100 
    
TOP -40 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 359 4.22 85.07109005 30 Calcite 17 
Calcite 141 2.91 48.45360825 17 Dolomite 52 
Dolomite 329 2.26 145.5752212 52 Siliciclastics 31 
Total 279.0999195 100 
    
TOP -53 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 70 4.22 16.58767773 1 Calcite 99 
Calcite 3540 2.91 1216.494845 99 Dolomite 0 
Total 1233.082523 100 Siliciclastics 1 
TOP-70 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 437 4.22 103.5545024 8 Calcite 63 
Calcite 2406 2.91 826.8041237 63 Dolomite 10 
Dolomite 295 2.26 130.5309735 10 Siliciclastics 27 
Total clays 49 0.48 102.0833333 8 
K-feldspar 106 0.68 155.8823529 12 
Total 1318.855286 100 
    
TOP-71 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 430 4.22 101.8957346 8 Calcite 62 
Calcite 2222 2.91 763.5738832 62 Dolomite 17 
Dolomite 479 2.26 211.9469027 17 Siliciclastics 21 
Total clays 25 0.48 52.08333333 4 
K-feldspar 67 0.68 98.52941176 8 
Total 1228.029266 100 
    
TOP -75Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 255 4.22 60.42654028 5 Calcite 77 
Calcite 3000 2.91 1030.927835 77 Dolomite 19 
Dolomite 566 2.26 250.4424779 19 Siliciclastics 4 
Total 1341.796853 100 
    
TOP-76 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 532 4.22 126.0663507 14 Calcite 45 
Calcite 1223 2.91 420.2749141 45 Dolomite 5 
Dolomite 101 2.26 44.69026549 5 Siliciclastics 50 
Total clays 93 0.48 193.75 21 
K-feldspar 96 0.68 141.1764706 15 
Cristobalite 162 5.19 31.21387283 3 
Total 925.9580009 100 
    
TOP-78 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
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Quartz 366 4.22 86.72985782 23 Calcite 39 
Calcite 434 2.91 149.1408935 39 Dolomite 15 
Dolomite 129 2.26 57.07964602 15 Siliciclastics 46 
K-feldspar 59 0.68 86.76470588 23 
Total 379.7151032 100 
    
TOP-78 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 105 4.22 24.88151659 9 Calcite 79 
Calcite 653 2.91 224.3986254 79 Dolomite 0 
Total clays 17 0.48 35.41666667 12 Siliciclastics 21 
Cristobalite 78 5.19 15.02890173 5 
Total 284.6968087 100 
    
TOP-79 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 373 4.22 88.38862559 19 Calcite 33 
Calcite 441 2.91 151.5463918 33 Dolomite 13 
Dolomite 137 2.26 60.61946903 13 Siliciclastics 54 
Total clays 44 0.48 91.66666667 20 
K-feldspar 47 0.68 69.11764706 15 
Total 461.3388001 100 
    
TOP -80 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 76 4.22 18.00947867 5 Calcite 95 
Calcite 939 2.91 322.6804124 95 Dolomite 0 
Total 340.689891 100 Siliciclastics 5 
TOP-81 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 414 4.22 98.1042654 21 Calcite 7 
Calcite 93 2.91 31.95876289 7 Dolomite 9 
Dolomite 90 2.26 39.82300885 9 Siliciclastics 84 
Total clays 57 0.48 118.75 25 
K-feldspar 122 0.68 179.4117647 38 
Cristobalite 137 5.19 26.39691715 6 
Total 468.0478018 100 
    
TOP -82 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 83 4.22 19.66824645 5 Calcite 95 
Calcite 1057 2.91 363.2302405 95 Dolomite 0 
Total 382.898487 100 Siliciclastics 5 
    
TOP-83 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 506 4.22 119.9052133 9 Calcite 40 
Calcite 1616 2.91 555.3264605 40 Dolomite 38 
Dolomite 1211 2.26 535.840708 38 Siliciclastics 22 
Total clays 34 0.48 70.83333333 5 
K-feldspar 84 0.68 123.5294118 9 
Cristobalite 64 5.19 12.33140655 1 
Total 1405.435127 100 
    
TOP-87 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 688 4.22 163.0331754 11 Calcite 28 
Calcite 1205 2.91 414.0893471 28 Dolomite 44 
Dolomite 1495 2.26 661.5044248 44 Siliciclastics 28 
Total clays 41 0.48 85.41666667 6 
K-feldspar 113 0.68 166.1764706 11 
Total 1490.220084 100 
    
TOP-110 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 611 4.22 144.7867299 13 Calcite 45 
Calcite 1506 2.91 517.5257732 45 Dolomite 12 
Dolomite 301 2.26 133.1858407 12 Siliciclastics 43 
Total clays 63 0.48 131.25 11 
K-feldspar 148 0.68 217.6470588 19 
Total 1144.395403 100 
    
TOP -118 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 129 4.22 30.56872038 2 Calcite 91 
Calcite 3346 2.91 1149.828179 91 Dolomite 6 
Dolomite 182 2.26 80.53097345 6 Siliciclastics 3 
Total 1260.927873 100 
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TOP -118 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 466 4.22 110.4265403 6 Calcite 10 
Calcite 520 2.91 178.6941581 10 Dolomite 7 
Dolomite 281 2.26 124.3362832 7 Siliciclastics 83 
Total clays 512 0.48 1066.666667 61 
K-feldspar 117 0.68 172.0588235 10 
Cristobalite 512 5.39 94.99072356 5 
Total 1747.173195 100 
    
TOP -122 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 146 4.22 34.5971564 9 Calcite 63 
Calcite 705 2.91 242.2680412 63 Dolomite 19 
Dolomite 165 2.26 73.00884956 19 Siliciclastics 18 
Cristobalite 198 5.39 36.73469388 10 
Total 386.6087411 100 
    
TOP -123 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 38 4.22 9.004739336 2 Calcite 98 
Calcite 1316 2.91 452.233677 98 Dolomite 0 
Total 461.2384163 100 Siliciclastics 2 
TOP -124 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 106 4.22 25.11848341 12 Calcite 46 
Calcite 271 2.91 93.12714777 46 Dolomite 25 
Dolomite 114 2.26 50.44247788 25 Siliciclastics 29 
Cristobalite 186 5.39 34.50834879 17 
Total 203.1964578 100 
    
TOP -125 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 140 4.22 33.17535545 8 Calcite 84 
Calcite 1057 2.91 363.2302405 84 Dolomite 9 
K-feldspar 26 0.68 38.23529412 9 Siliciclastics 7 
Total 434.6408901 100 
TOP -127 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 128 4.22 30.33175355 7 Calcite 93 2.35 -13.06 
Calcite 1218 2.91 418.556701 93 Dolomite 0 
Total 448.8884546 100 Siliciclastics 7 
TOP -128 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 168 4.22 39.81042654 21 Calcite 15 0.67 -9.70 
Calcite 83 2.91 28.52233677 15 Dolomite 22 
Dolomite 96 2.26 42.47787611 22 Siliciclastics 63 
Total clays 10 0.48 20.83333333 11 
Cristobalite 322 5.39 59.74025974 31 
Total 191.3842325 100 
TOP -129 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 516 4.22 122.2748815 23 Calcite 77 1.19 -14.38 
Calcite 1212 2.91 416.4948454 77 Dolomite 0 
Total 538.7697269 100 Siliciclastics 23 
TOP -130 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 221 4.22 52.36966825 13 Calcite 47 0.69 -11.32 
Calcite 541 2.91 185.9106529 47 Dolomite 13 
Dolomite 119 2.26 52.65486726 13 Siliciclastics 40 
K-feldspar 50 0.68 73.52941176 18 
Cristobalite 190 5.39 35.25046382 9 
Total 399.715064 100 
TOP -131 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 93 4.22 22.03791469 5 Calcite 95 1.43 -13.01 
Calcite 1215 2.91 417.5257732 95 Dolomite 0 
Total 439.5636879 100 Siliciclastics 5 
TOP -132 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 198 4.22 46.91943128 9 Calcite 45 0.62 -9.37 
Calcite 694 2.91 238.4879725 45 Dolomite 14 
Dolomite 167 2.26 73.89380531 14 Siliciclastics 41 
Total clays 44 0.48 91.66666667 17 
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K-feldspar 39 0.68 57.35294118 11 
Cristobalite 143 5.39 26.53061224 5 
Total 534.8514292 100 
    
TOP -133 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 149 4.22 35.30805687 8 Calcite 92 
Calcite 1188 2.91 408.2474227 92 Dolomite 0 
Total 443.5554796 100 Siliciclastics 8 
    
TOP -134 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 211 4.22 50 10 Calcite 51 
Calcite 773 2.91 265.6357388 51 Dolomite 21 
Dolomite 247 2.26 109.2920354 21 Siliciclastics 28 
Total clays 35 0.48 72.91666667 14 
Cristobalite 150 5.39 27.82931354 5 
Total 525.6737544 100 
    
TOP -135 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 159 4.22 37.67772512 8 Calcite 92 
Calcite 1254 2.91 430.9278351 92 Dolomite 0 
Total 468.6055602 100 Siliciclastics 8 
    
TOP -136 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 270 4.22 63.98104265 9 Calcite 35 
Calcite 719 2.91 247.0790378 35 Dolomite 19 
Dolomite 303 2.26 134.0707965 19 Siliciclastics 46 
Total clays 47 0.48 97.91666667 14 
K-feldspar 94 0.68 138.2352941 20 
Cristobalite 90 5.39 16.69758813 2 
Total 697.9804258 100 
    
TOP -137 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 54 4.22 12.79620853 3 Calcite 97 
Calcite 1210 2.91 415.8075601 97 Dolomite 0 
Total 428.6037687 100 Siliciclastics 3 
TOP -138 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 273 4.22 64.69194313 11 Calcite 16 
Calcite 278 2.91 95.53264605 16 Dolomite 65 
Dolomite 893 2.26 395.1327434 65 Siliciclastics 19 
K-feldspar 35 0.68 51.47058824 8 
Total 606.8279208 100 
    
TOP -148 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 591 4.22 140.0473934 9 Calcite 19 
Calcite 819 2.91 281.443299 19 Dolomite 63 
Dolomite 2123 2.26 939.380531 63 Siliciclastics 18 
Total clays 20 0.48 41.66666667 3 
K-feldspar 62 0.68 91.17647059 6 
Total 1493.714361 100 
    
TOP -150 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 234 4.22 55.45023697 10 Calcite 33 
Calcite 519 2.91 178.3505155 33 Dolomite 49 
Dolomite 602 2.26 266.3716814 49 Siliciclastics 18 
K-feldspar 26 0.68 38.23529412 7 
Total 538.407728 100 
    
TOP -170 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 446 4.22 105.6872038 10 Calcite 19 
Calcite 569 2.91 195.532646 19 Dolomite 40 
Dolomite 940 2.26 415.9292035 40 Siliciclastics 41 
Total clays 51 0.48 106.25 10 
K-feldspar 139 0.68 204.4117647 20 
Cristobalite 108 5.39 20.03710575 2 
Total 1047.847924 100 
    
TOP -171 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 248 4.22 58.76777251 5 Calcite 87 
Calcite 2944 2.91 1011.683849 87 Dolomite 8 
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K-feldspar 63 0.68 92.64705882 8 Siliciclastics 5 
Total 1163.09868 100 
    
TOP -200A Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 411 4.22 97.39336493 10 Calcite 42 
Calcite 1243 2.91 427.1477663 42 Dolomite 23 
Dolomite 532 2.26 235.3982301 23 Siliciclastics 35 
Total clays 53 0.48 110.4166667 11 
K-feldspar 81 0.68 119.1176471 12 
Cristobalite 87 5.39 16.14100186 2 
Total 1005.614677 100 
    
TOP -200B Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 100 4.22 23.69668246 2 Calcite 90 
Calcite 2813 2.91 966.6666667 90 Dolomite 8 
Dolomite 183 2.26 80.97345133 8 Siliciclastics 2 
Total 1071.3368 100 
TOP -210 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Calcite 3818 2.91 1312.027491 100 Calcite 100 1.72 -8.55 
Total 1312.027491 100 Dolomite 0 
Siliciclastics 0 
TOP -213 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 580 4.22 137.4407583 14 Calcite 44 0.44 -7.77 
Calcite 1248 2.91 428.8659794 44 Dolomite 13 
Dolomite 295 2.26 130.5309735 13 Siliciclastics 43 
Total clays 34 0.48 70.83333333 7 
K-feldspar 116 0.68 170.5882353 18 
Cristobalite 156 5.39 28.94248609 3 
Total 967.2017658 100 
    
TOP -215 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 115 4.22 27.25118483 2 Calcite 93 
Calcite 3104 2.91 1066.666667 93 Dolomite 5 
Dolomite 121 2.26 53.53982301 5 Siliciclastics 2 
Total 1147.457675 100 
TOP -225 Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 104 4.22 24.64454976 2 Calcite 90 1.43 -8.66 
Calcite 2629 2.91 903.4364261 90 Dolomite 0 
Gypsum 161 1.98 81.31313131 8 Siliciclastics 10 
Total 1009.394107 100 
TOP -226 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 667 4.22 158.056872 15 Calcite 14 -0.46 -8.86 
Calcite 430 2.91 147.766323 14 Dolomite 34 
Dolomite 829 2.26 366.8141593 34 Siliciclastics 52 
Total clays 96 0.48 200 18 
K-feldspar 147 0.68 216.1764706 20 
Total 1088.813825 100 
TOP -233 Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 586 4.22 138.8625592 9 Calcite 33 -0.48 -9.20 
Calcite 1518 2.91 521.6494845 33 Dolomite 48 -0.47 -9.26 
Dolomite 1733 2.26 766.8141593 48 Siliciclastics 19 
Total clays 33 0.48 68.75 4 
K-feldspar 67 0.68 98.52941176 6 
Total 1594.605615 100 
    
TOP -249A Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 296 4.22 70.14218009 8 Calcite 43 
Cristobalite 677 5.39 125.6029685 43 Dolomite 0 
Gypsum 577 1.98 291.4141414 32 Siliciclastics 57 
K-feldspar 46 0.68 435.2941176 47 
Total 922.4534076 100 
    
TOP -249A Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 125 4.22 29.62085308 3 Calcite 92 
Calcite 2493 2.91 856.7010309 92 Dolomite 0 
Cristobalite 102 5.39 18.92393321 2 Siliciclastics 8 
K-feldspar 21 0.68 30.88235294 3 
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Total 936.1281702 100 
    
TOP -269A Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 744 4.22 176.3033175 23 Calcite 7 
Calcite 156 2.91 53.60824742 7 Dolomite 0 
Total clays 58 0.48 120.8333333 16 Siliciclastics 93 
K-feldspar 246 0.68 361.7647059 47 
Cristobalite 301 5.39 55.84415584 7 
Total 768.35376 100 
    
TOP -269B Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% 
Quartz 102 4.22 24.17061611 2 Calcite 98 
Calcite 3588 2.91 1232.989691 98 Dolomite 0 
Total 1257.160307 100 Siliciclastics 2 
TOP -279A Limestone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 209 4.22 49.52606635 7 Calcite 86 1.28 -10.33 
Calcite 1822 2.91 626.1168385 86 Dolomite 0 
Cristobalite 303 5.39 56.21521336 8 Siliciclastics 14 
Total 731.8581182 100 
TOP -279B Mudstone 100% Peak Height RIR Fraction Wt Percent Cal/Dol/Sil wt% δ13C δ18O 
Quartz 305 4.22 72.27488152 11 Calcite 54 0.86 -4.58 
Calcite 1062 2.91 364.9484536 54 Dolomite 0 
Total clays 73 0.48 152.0833333 23 Siliciclastics 46 
K-feldspar 25 0.68 36.76470588 5 
Cristobalite 249 5.39 46.19666048 7 
Total 672.2680348 100 
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Appendix 3 
 
XRD mineralogy and isotopic analysis Copper Canyon Formation Tufa Mounds 
 
XRD ISOTOPES 
Tm1-2 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 115 4.22 27.25118483 2 Calcite 91 
Calcite 3669 2.91 1260.824742 91 Dolomite 0 
Feldspar (Orthoclase) 64 0.68 94.11764706 7 Siliciclastics 7 
Total 1382.193574 100 
Tm1-3 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 586 4.22 138.8625592 8 Calcite 60 -2.15 -10.23 
Calcite 3195 2.91 1097.938144 60 Dolomite 23 
Total clays (illite) 46 0.48 95.83333333 5 Siliciclastics 17 
Dolomite 931 2.26 411.9469027 23 
Feldspar (Orthoclase) 48 0.68 70.58823529 4 
Total 1815.169175 100 
Tm1-4 (Tm1-1) (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 22 4.22 5.213270142 2 Calcite 98 1.20 -8.27 
Calcite 815 2.91 280.0687285 98 Dolomite 0 
Total 285.2819987 100 Siliciclastics 2 
Tm1-6 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 51 4.22 12.08530806 1 Calcite 99 
Calcite 3746 2.91 1287.285223 99 Dolomite 0 
Total 1299.370531 100 Siliciclastics 1 
  
Tm2-3 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 1349 4.22 319.6682464 19 Calcite 2 
Calcite 91 2.91 31.27147766 2 Dolomite 0 
Total clays (illite) 50 0.48 104.1666667 6 Siliciclastics 98 
Feldspar (Orthoclase) 339 0.68 498.5294118 30 
Feldspar (Albite) 438 0.65 673.8461538 41 
Cristobalite 179 5.39 33.2096475 2 
Total 1660.691604 100 
Tm2-4 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 1349 4.22 319.6682464 17 Calcite 0 
Total clays (illite) 50 0.48 104.1666667 6 Dolomite 0 
Total clays (Kaolinite) 97 0.86 112.7906977 6 Siliciclastics 100 
Total clays (Muscovite) 54 0.4 135 7 
Feldspar (Orthoclase) 339 0.68 498.5294118 27 
Feldspar (Albite) 438 0.65 673.8461538 37 
Total 1844.001176 100 
Tm2-5 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 58 4.22 13.74407583 5 Calcite 95 -4.21 -11.13 
Calcite 845 2.91 290.3780069 95 Dolomite 0 
Total 304.1220827 100 Siliciclastics 5 
Tm2-6 (Siltstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 1050 4.22 248.8151659 16 Calcite 0 1.88 -7.82 
Total clays (illite) 56 0.48 116.6666667 7 Dolomite 0 
Total clays (Kaolinite) 121 0.86 140.6976744 9 Siliciclastics 100 
Feldspar (Albite) 382 0.65 587.6923077 37 
Feldspar (Orthoclase) 333 0.68 489.7058824 31 
Total 1583.577697 100 
Tmb2-7 BOTTOM (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 794 4.22 188.1516588 18 Calcite 82 -1.61 -8.30 
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Calcite 2449 2.91 841.580756 82 Dolomite 0 
Total 1029.732415 100 Siliciclastics 18 
Tm2-7 TOP (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 175 4.22 41.46919431 7 Calcite 93 -2.12 -8.53 
Calcite 1529 2.91 525.4295533 93 Dolomite 0 
Total 566.8987476 100 Siliciclastics 7 
  
Tm3-3-1 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 63 4.22 14.92890995 3 Calcite 97 -2.33 -9.61 
Calcite 1235 2.91 424.3986254 97 Dolomite 0 
Total 439.3275354 100 Siliciclastics 3 
Tm3-3-2 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 131 4.22 31.04265403 5 Calcite 95 -1.30 -8.67 
Calcite 1694 2.91 582.1305842 95 Dolomite 0 
Total 613.1732382 100 Siliciclastics 5 
Tm3-3-3 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 163 4.22 38.62559242 7 Calcite 93 -1.97 -9.45 
Calcite 1507 2.91 517.8694158 93 Dolomite 0 
Total 556.4950082 100 Siliciclastics 7 
Tm3-3-4 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 118 4.22 27.96208531 5 Calcite 95 -2.39 -10.13 
Calcite 1541 2.91 529.5532646 95 Dolomite 0 
Total 557.5153499 100 Siliciclastics 5 
Tm3-3-5 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 913 4.22 216.3507109 32 Calcite 68 -0.11 -5.62 
Calcite 1359 2.91 467.0103093 68 Dolomite 0 
Total 683.3610202 100 Siliciclastics 32 
Tm3-3-6 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 51 4.22 12.08530806 2 Calcite 98 -0.54 -5.29 
Calcite 1497 2.91 514.4329897 98 Dolomite 0 
Total 526.5182977 100 Siliciclastics 2 
  
Tm4-3 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 154 4.22 36.492891 3 Calcite 97 
Calcite 4044 2.91 1389.690722 97 Dolomite 0 
Total 1426.183613 100 Siliciclastics 3 
Tm4-4 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 725 4.22 171.8009479 16 Calcite 47 
Calcite 1425 2.91 489.6907216 47 Dolomite 0 
Total clays (illite) 48 0.48 100 10 Siliciclastics 53 
Clays (Kaolinite) 40 0.86 46.51162791 4 
Feldspar (Albite) 75 0.65 115.3846154 11 
Cristobalite 652 5.39 120.9647495 12 
Total 1044.352662 100 
Tm4-7 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 441 4.22 104.5023697 11 Calcite 63 
Calcite 1711 2.91 587.9725086 63 Dolomite 0 
Clays (Muscovite) 74 0.4 185 20 Siliciclastics 37 
Feldspar (Orthoclase) 41 0.68 60.29411765 6 
Cristobalite 328 5.39 60.85343228 6 
Total 937.7689959 100 
Tm4-8 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 40 4.22 9.478672986 1 Calcite 99 
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Calcite 4133 2.91 1420.274914 99 Dolomite 0 
Clays TRACE Siliciclastics 1 
Total 1429.753587 100 
Tm4-9 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 614 4.22 145.4976303 18 Calcite 74 
Calcite 1746 2.91 600 74 Dolomite 0 
Cristobalite 328 5.39 60.85343228 8 Siliciclastics 26 
Clays (Muscovite) 55 0.4 137.5 17 
Total 806.3510626 100 
Tm4-10 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 327 4.22 77.48815166 6 Calcite 94 
Calcite 3745 2.91 1286.941581 94 Dolomite 0 
Total 1364.429732 100 Siliciclastics 6 
Tm4-11A (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 229 4.22 54.26540284 8 Calcite 73 -0.82 -9.76 
Calcite 1368 2.91 470.1030928 73 Dolomite 0 
Total clays (illite) 43 0.48 89.58333333 14 Siliciclastics 27 
Cristobalite 162 5.39 30.05565863 5 
Total 644.0074876 100 
Tm4-12 (Tufa Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 26 4.22 6.161137441 1 Calcite 99 -0.40 -9.22 
Calcite 1514 2.91 520.2749141 99 Dolomite 0 -1.13 -9.25 
Total 526.4360515 100 Siliciclastics 1 
Tm4-13 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 48 4.22 11.37440758 2 Calcite 98 -0.81 -9.59 
Calcite 1906 2.91 654.9828179 98 Dolomite 0 
Total 666.3572255 100 
Tm4-14 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 147 4.22 34.83412322 7 Calcite 83 -1.18 -9.90 
Calcite 1106 2.91 380.0687285 73 Dolomite 0 
Clays (Muscovite) 24 0.4 60 12 
Cristobalite 159 5.39 29.49907236 6 
Gypsum 26 1.98 13.13131313 3 
Total 517.5332372 100 
Tm4-15 (Limestone) 
100% Peak 
Height RIR Fraction wt % wt %     
Quartz 61 4.22 14.4549763 1 Calcite 100 
Calcite 4033 2.91 1385.910653 99 
Total 1400.365629 100 
Tm4-16 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 689 4.22 163.2701422 9 Calcite 25 
Calcite 1346 2.91 462.5429553 25 Dolomite 44 
Dolomite 1832 2.26 810.619469 44 Siliciclastics 31 
Total clays (illite) 93 0.48 193.75 11 
Clays (Muscovite) 26 0.4 65 4 
Feldspar (Orthoclase) 86 0.68 126.4705882 7 
Feldspar (Albite) 180 0.65 276.9230769 15 
Cristobalite 122 5.39 22.63450835 1 
Total 1821.653155 100 
Tm4-20 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 114 4.22 27.01421801 3 Calcite 93 
Calcite 2865 2.91 984.5360825 93 Siliciclastics 7 
Cristobalite 270 5.39 50.09276438 4 
Total 1061.643065 100 
Tm4-21 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
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Quartz 178 4.22 42.18009479 4 Calcite 90 
Calcite 2806 2.91 964.2611684 90 Siliciclastics 10 
Feldspar (Orthoclase) 32 0.68 47.05882353 4 
Cristobalite 122 5.39 22.63450835 2 
Total 1076.134595 100 
Tm4-25 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 78 4.22 18.48341232 2 Calcite 98 
Calcite 3441 2.91 1182.474227 98 Siliciclastics 2 
Total 1200.957639 100 
Tm4-26 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 699 4.22 165.6398104 9 Calcite 15 
Calcite 781 2.91 268.3848797 15 Dolomite 45 
Dolomite 1812 2.26 801.7699115 45 Siliciclastics 40 
Total clays (illite) 51 0.48 106.25 6 
Feldspar (Orthoclase) 151 0.68 222.0588235 13 
Feldspar (Albite) 138 0.65 212.3076923 12 
Total 1776.411117 100 
Tm4-27 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 145 4.22 34.36018957 2 Calcite 89 
Calcite 3444 2.91 1183.505155 89 Dolomite 7 
Dolomite 207 2.26 91.59292035 7 Siliciclastics 4 
Feldspar (Orthoclase) 21 0.68 30.88235294 2 
Total 1309.458265 100 
Tm4-28 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 296 4.22 70.14218009 5 Calcite 52 
Calcite 1948 2.91 669.4158076 52 Dolomite 26 
Dolomite 767 2.26 339.380531 26 Siliciclastics 22 
Total clays (illite) 19 0.48 39.58333333 3 
Feldspar (Orthoclase) 65 0.68 95.58823529 7 
Feldspar (Albite) 50 0.65 76.92307692 6 
Total 1291.033164 100 
Tm4-29 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 57 4.22 13.507109 1 Calcite 97 
Calcite 3236 2.91 1112.027491 97 Dolomite 2 
Dolomite 49 2.26 21.68141593 2 Siliciclastics 1 
Total 1147.216016 100 
  
Tm5-2 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 935 4.22 221.563981 13 Calcite 26 
Calcite 1247 2.91 428.5223368 26 Dolomite 31 
Dolomite 1168 2.26 516.8141593 31 Siliciclastics 43 
Total clays (illite) 72 0.48 150 9 
Clays (Muscovite) 121 0.4 302.5 18 
Feldspar (Orthoclase) 40 0.68 58.82352941 4 
Feldspar (Albite) 67 0.65 103.0769231 6 
Total 1678.224007 100 
Tm5-4 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 1037 4.22 245.7345972 13 Calcite 22 
Calcite 1247 2.91 428.5223368 22 Dolomite 43 
Dolomite 1919 2.26 849.1150442 43 Siliciclastics 35 
Total clays (illite) 61 0.48 127.0833333 7 
Clays (Muscovite) 53 0.4 132.5 7 
Feldspar (Orthoclase) 49 0.68 72.05882353 4 
Feldspar (Albite) 64 0.65 98.46153846 5 
Total 1953.475673 100 
Tm5-5 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 243 4.22 57.58293839 4 Calcite 65 
Calcite 2644 2.91 908.5910653 65 Siliciclastics 35 
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Clays (Kaolinite) 105 0.86 122.0930233 9 
Feldspar (Orthoclase) 69 0.68 101.4705882 7 
Feldspar (Albite) 130 0.65 200 14 
Total 1389.737615 100 
Tm5-8 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 97 4.22 22.98578199 2 Calcite 97 
Calcite 3384 2.91 1162.886598 97 Siliciclastics 3 
Cristobalite 52 5.39 9.647495362 1 
Total 1195.519875 100 
Tm5-11 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 252 4.22 59.71563981 6 Calcite 94 
Calcite 2960 2.91 1017.182131 94 Siliciclastics 6 
Total 1076.89777 100 
Tm5-12 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 946 4.22 224.1706161 13 Calcite 22 
Calcite 1093 2.91 375.6013746 22 Dolomite 21 
Dolomite 830 2.26 367.2566372 21 Siliciclastics 57 
Total clays (illite) 106 0.48 220.8333333 13 
Clays (Kaolinite) 38 0.86 44.18604651 3 
Clays (Muscovite) 125 0.4 312.5 18 
Feldspar (Orthoclase) 50 0.68 73.52941176 4 
Feldspar (Albite) 60 0.65 92.30769231 5 
Total 1710.385112 100 
Tm5-12B (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 612 4.22 145.0236967 9 Calcite 19 
Calcite 897 2.91 308.2474227 19 Dolomite 43 
Dolomite 1590 2.26 703.539823 43 Siliciclastics 38 
Total clays (illite) 51 0.48 106.25 6 
Feldspar (Orthoclase) 147 0.68 216.1764706 13 
Feldspar (Albite) 107 0.65 164.6153846 10 
Total 1643.852798 100 
Tm5-13 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 724 4.22 171.563981 12 Calcite 73 
Calcite 2907 2.91 998.9690722 73 Siliciclastics 27 
Feldspar (Albite) 65 0.65 100 8 
Feldspar (Orthoclase) 73 0.68 107.3529412 8 
Cristobalite 67 5.39 12.43042672 1 
Total 1377.885994 100 
Tm5-14 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 565 4.22 133.8862559 17 Calcite 41 
Calcite 922 2.91 316.838488 41 Dolomite 12 
Dolomite 203 2.26 89.82300885 12 Siliciclastics 47 
Total clays (illite) 75 0.48 156.25 20 
Cristobalite 382 5.39 70.87198516 9 
Total 767.6697379 100 
Tm5-15 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 58 4.22 13.74407583 1 Calcite 99 
Calcite 3688 2.91 1267.353952 99 Siliciclastics 1 
Total 1281.098028 100 
Tm5-16 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 99 4.22 23.45971564 4 Calcite 86 -1.30 -9.59 
Calcite 1525 2.91 524.0549828 94 Siliciclastics 14 
Cristobalite 45 5.39 8.348794063 2 
Total 555.8634925 100 
Tm5-17 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
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Quartz 80 4.22 18.95734597 4 Calcite 92 -0.47 -10.78 
Calcite 1201 2.91 412.7147766 92 Siliciclastics 8 
Cristobalite 100 5.39 18.5528757 4 
Total 450.2249983 100 
Tm5-18 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Calcite 1207 2.91 414.7766323 100 Calcite 100 -0.96 -11.46 
Tm5-19 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 971 4.22 230.0947867 15 Calcite 36 
Calcite 1609 2.91 552.9209622 36 Dolomite 8 
Dolomite 288 2.26 127.4336283 8 Siliciclastics 56 
Total clays (illite) 79 0.48 164.5833333 11 
Feldspar (Orthoclase) 70 0.68 102.9411765 7 
Feldspar (Albite) 229 0.65 352.3076923 23 
Total 1530.281579 100 
Tm5-20 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 135 4.22 31.99052133 3 Calcite 93 -1.31 -12.19 
Calcite 3069 2.91 1054.639175 93 Siliciclastics 7 
Feldspar (Orthoclase) 32 0.68 47.05882353 4 
Total 1133.68852 100 
Tm5-22 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 252 4.22 59.71563981 5 Calcite 93 
Calcite 3420 2.91 1175.257732 93 Siliciclastics 7 
Feldspar (Orthoclase) 21 0.68 30.88235294 2 
Total 1265.855725 100 
Tm5-27 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 867 4.22 205.450237 16 Calcite 31 
Calcite 1133 2.91 389.347079 31 Dolomite 9 
Dolomite 269 2.26 119.0265487 9 Siliciclastics 60 
Total clays (illite) 81 0.48 168.75 13 
Feldspar (Orthoclase) 93 0.68 136.7647059 11 
Feldspar (Albite) 136 0.65 209.2307692 16 
Cristobalite 214 5.39 39.70315399 3 
Total 1268.272494 100 
Tm5-28 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 261 4.22 61.84834123 4 Calcite 80 
Calcite 3211 2.91 1103.436426 80 Dolomite 3 
Dolomite 104 2.26 46.01769912 3 Siliciclastics 17 
Feldspar (Orthoclase) 62 0.68 91.17647059 7 
Feldspar (Albite) 51 0.65 78.46153846 6 
Total 1380.940476 100 
Tm5-30 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 66 4.22 15.63981043 4 Calcite 90 -1.48 -12.26 
Calcite 1103 2.91 379.0378007 90 Dolomite 6 
Dolomite 56 2.26 24.77876106 6 Siliciclastics 4 
Total 419.4563722 100 
Tm5-29 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 472 4.22 111.8483412 11 Calcite 10 -0.69 -6.78 
Calcite 296 2.91 101.7182131 10 Dolomite 54 
Dolomite 1270 2.26 561.9469027 54 Siliciclastics 36 
Total clays (illite) 60 0.48 125 12 
Feldspar (Orthoclase) 38 0.68 55.88235294 5 
Feldspar (Albite) 58 0.65 89.23076923 9 
Total 1045.626579 100 
  
Tm6-2A (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 820 4.22 194.3127962 11 Calcite 16 
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Calcite 824 2.91 283.161512 16 Dolomite 59 
Dolomite 2301 2.26 1018.141593 59 Siliciclastics 25 
Total clays (illite) 18 0.48 37.5 2 
Feldspar (Orthoclase) 46 0.68 67.64705882 4 
Feldspar (Albite) 75 0.65 115.3846154 7 
Total 1716.147575 100 
Tm6-2B (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 532 4.22 126.0663507 8 Calcite 42 
Calcite 1833 2.91 629.8969072 42 Dolomite 36 
Dolomite 1241 2.26 549.1150442 36 Siliciclastics 22 
Total clays (illite) 18 0.48 37.5 2 
Feldspar (Orthoclase) 35 0.68 51.47058824 3 
Feldspar (Albite) 73 0.65 112.3076923 7 
Total 1506.356583 100 
Tm6-2D (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 771 4.22 182.7014218 10 Calcite 20 
Calcite 1053 2.91 361.8556701 20 Dolomite 59 
Dolomite 2433 2.26 1076.548673 59 Siliciclastics 21 
Total clays (illite) 21 0.48 43.75 2 
Feldspar (Orthoclase) 35 0.68 51.47058824 3 
Feldspar (Albite) 66 0.65 101.5384615 6 
Total 1817.864814 100 
Tm6-2E (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 701 4.22 166.1137441 10 Calcite 30 -1.17 -9.02 
Calcite 1535 2.91 527.4914089 30 Dolomite 49 
Dolomite 1949 2.26 862.3893805 49 Siliciclastics 21 
Total clays (illite) 30 0.48 62.5 4 
Feldspar (Orthoclase) 30 0.68 44.11764706 3 
Feldspar (Albite) 54 0.65 83.07692308 5 
Total 1745.689104 100 
Tm6-3 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 84 4.22 19.90521327 3 Calcite 94 -0.34 -10.80 
Calcite 2121 2.91 728.8659794 94 Dolomite 3 
Dolomite 54 2.26 23.89380531 3 Siliciclastics 3 
Total 772.664998 100 
Tm6-4 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 520 4.22 123.2227488 9 Calcite 49 -1.45 -8.34 
Calcite 1986 2.91 682.4742268 49 Dolomite 30 
Dolomite 940 2.26 415.9292035 30 Siliciclastics 21 
Total clays (illite) 37 0.48 77.08333333 6 
Feldspar (Orthoclase) 22 0.68 32.35294118 2 
Feldspar (Albite) 41 0.65 63.07692308 5 
Total 1394.139377 100 
Tm6-5A (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Calcite 3336 2.91 1146.391753 100 Calcite 100 -1.33 -12.63 
Tm6-5B (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 404 4.22 95.73459716 8 Calcite 80 
Calcite 2737 2.91 940.5498282 80 Dolomite 12 
Dolomite 324 2.26 143.3628319 12 Siliciclastics 8 
Total 1179.647257 100 
Tm6-6 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 724 4.22 171.563981 9 Calcite 15 -0.79 -8.74 
Calcite 873 2.91 300 15 Dolomite 34 
Dolomite 1492 2.26 660.1769912 34 Siliciclastics 51 
Total clays (illite) 64 0.48 133.3333333 7 
Clays (Muscovite) 65 0.4 162.5 8 
Feldspar (Orthoclase) 220 0.68 323.5294118 17 
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Feldspar (Albite) 135 0.65 207.6923077 11 
Total 1958.796025 100 
Tm6-7 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt % δ13C δ18O 
Quartz 46 4.22 10.90047393 1 Calcite 99 -1.10 -12.78 
Calcite 3153 2.91 1083.505155 99 Siliciclastics 1 
Total 1094.405629 100 
Tm6-11 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 376 4.22 89.09952607 8 Calcite 69 
Calcite 2121 2.91 728.8659794 69 Dolomite 18 
Dolomite 436 2.26 192.920354 18 Siliciclastics 13 
Total clays (illite) 21 0.48 43.75 4 
Total 1054.635859 100 
Tm6-12 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 607 4.22 143.8388626 10 Calcite 33 
Calcite 1339 2.91 460.137457 33 Dolomite 45 
Dolomite 1420 2.26 628.3185841 45 Siliciclastics 22 
Total clays (illite) 36 0.48 75 5 
Feldspar (Orthoclase) 51 0.68 75 5 
Total 1382.294904 100 
Tm6-13 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 163 4.22 38.62559242 3 Calcite 97 
Calcite 3500 2.91 1202.749141 97 Siliciclastics 3 
Total 1241.374733 100 
Tm6-14 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 958 4.22 227.014218 16 Calcite 20 
Calcite 835 2.91 286.9415808 20 Dolomite 43 
Dolomite 1387 2.26 613.7168142 43 Siliciclastics 37 
Total clays (illite) 46 0.48 95.83333333 7 
Feldspar (Orthoclase) 68 0.68 100 7 
Feldspar (Albite) 65 0.65 100 7 
Total 1423.505946 100 
Tm6-15 (Limestone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 404 4.22 95.73459716 8 Calcite 80 
Calcite 2737 2.91 940.5498282 80 Dolomite 12 
Dolomite 324 2.26 143.3628319 12 Siliciclastics 8 
Total 1179.647257 100 
Tm6-16 (Mudstone) 
100% Peak 
Height RIR Fraction wt % Cal/Dol/Sil wt %     
Quartz 530 4.22 125.5924171 9 Calcite 50 
Calcite 1908 2.91 655.6701031 50 Dolomite 27 
Dolomite 821 2.26 363.2743363 27 Siliciclastics 23 
Total clays (illite) 36 0.48 75 6 
Feldspar (Orthoclase) 42 0.68 61.76470588 5 
Feldspar (Albite) 27 0.65 41.53846154 3 
Total 1322.840024 100 
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Appendix 4 
 
Preliminary identification of fossil mammal and bird tracks of the Copper Canyon 
Formation. 
 Twenty-six ichnospecies (to the genus level) of cat, camel, horse, mastodon, and 
bird tracks have been identified from over 60 localities (Curry, 1939, 1941; Scrivner and 
Bottjer, 1986; Nyborg, 1998; Nyborg and Santucci, 1999, 2000). The approximately 1800 
m  Copper Canyon Formation spans the lower Blancan North American Land Mammal 
Ages (NALMA) (Alray, 2000; Lindsay et al., 2002; Woodburne, 2004) (refer to Chapter 
2). 
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Bird (Avipeda) ichnospecies from the Copper Canyon Formation. (A), Line drawings of 
the representative bird (Avipeda) inchnospecies adapted from Scrivner (1984) and 
Nyborg (1998) classification. (B), Large bird track corresponding to ichnopsecies I; note 
the bioturbation; penny for scale. (C), Several ichnospecies of bird tracks on bedform of 
talus material; tracks are about half the size of bird track depicted in B. 
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Cat (Felipeda) and horse (Hippipeda) ichnospecies from the Copper Canyon Formation. 
(A), Line drawings of the representative cat (Felipeda) and horse (Hippipeda) 
ichnospecies adapted from Scrivner (1984) and Nyborg (1998) classification; two bird 
tracks are also shown that correspond to the bird tracks in Figure above. (B), Cat track 
corresponding to ichnopsecies A; penny for scale. (C), Trackway of horse tracks 
representing several individuals corresponding to ichnopsecies A; tracks are about twice 
the size of cat track depicted in B. 
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Camel (Ovipeda) ichnospecies from the Copper Canyon Formation. (A), Line drawings 
of the representative camel (Ovipeda) ichnospecies adapted from Scrivner (1984) and 
Nyborg (1998) classification. (B), Two camel tracks representing an adult and juvenile 
animals corresponding to ichnospecies B; tracks are approximately 5 and 10 cm wide (C), 
a number of camel tracks deeply casted into the sediments representing several 
ichnospecies; tracks are about 15-20cm wide.  (D), Large single camel track and two cat 
tracks on bedform; tracks are approximately 20cm wide.  
 
